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Zderic, Theodore W., M.S., D ecem ber 1997 H H P
C om parison  of Substrate U tilization P atterns in  M ales and  Eum enorrheic 
Fem ales D uring  Subm axim al Exercise (76 pp.)
Director: Dr. Brent C. R u ^ y P ^ /
The purpose of this investigation w as to  exam ine substrate oxidation and  
p lasm a glucose kinetics in  m ales and  regularly  m enstruating  females du ring  
subm axim al exercise. Five recreationally trained  m ales an d  fem ales (VOjpeak = 
61.7 ± 2.9 vs 48.6 ± 3.0 m l kg^ m in  \  respectively) perform ed cycle ergom etry 
exercise for 25 m inutes at ~70%VO2 of their respective lactate threshold  (LT), 
im m ediately follow ed by 25 m inutes of exercise a t ~90%VO2 LT. Female 
subjects w ere tested during  the m idfollicular (MF) phase (4-6 days after onset 
of m enses) and  during  the luteal (L) phase (22-27 days after onset of menses). 
All subjects w ere tested after a n  11 hour fast an d  w ith in  tw o hours of w aking. 
C arbohydrate and fat oxidation w ere determ ined w ith  indirect calorim etry 
(respiratory exchange ratio  and  VOj) w hüe plasm a glucose p roduction  (Ra) 
an d  utilization (Rd) w ere determ ined by a p rim ed (30 jxm ol kg'^) constant 
infusion (0.42 p m o l kg'^ m in'^) of 6,6-^H-glucose. D uring exercise at 70% LT 
("40-50% V02peak)/ m ales an d  females, regardless of m enstrual phase, oxidized 
sim ilar proportions of carbohydrate and  fat. A t rest and  during  70% LT, there 
w ere no  differences betw een  genders and m enstrual phases in  p lasm a glucose 
Ra and  Rd. A t 90% LT ("52-62% V02peak)/ m ales and  MF females oxidized 
sim ilar proportions of carbohydrates and  fats and  h ad  sim ilar glucose Ra and  
Rd (pm ol-kg lean body mass ' m in  )̂. H ow ever, du ring  the L phase, females 
tended  to oxidize proportionally  less carbohydrate and  m ore fat com pared to 
the m ales (p>0.05) an d  the MF phase (p<0.05). In accord w ith  the decrease in  
carbohydrate oxidation at 90%LT during  the L phase, plasm a glucose Rd w as 
low er than  in  males an d  the MF phase (both p<0.05). W ith the  p resen t data, 
it cannot be  determ ined w hether the differences in  substrate oxidation are 
due  to  increased h p id  availability du ring  the L phase o r a decreased glycolytic 
flux. F u ture studies in  this area should  em ploy the m u sd e  biopsy technique 
to determ ine the pre-exercise m uscle glycogen concentrations. These results 
suggest tha t conclusions abou t gender differences in  substrate oxidation and  
p lasm a glucose u tilization  during  exercise d ep en d  u p o n  the com parison 
exercise intensity  and  the m enstrual phase of the  fem ales subjects.
u
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C hapter O ne : In troduction
In tro d u c tio n
In  today 's  society there is an  ever grow ing num ber of people 
partic ipating  in  endurance exercise. The progression  of this increased 
partic ipation  has been facilitated by m any factors including the rise of 
runn ing  road  races tw enty  years ago, the increased popularity  of tria th lon  in 
the last decade, and  the recent Surgeon G eneral w arning abou t the health  
risks associated w ith  physical inactivity. In  1984, w om en 's runn ing  w as 
popu larized  by  the in troduction  of the w om en 's m ara thon  into the O lym pic 
Gam es. C urrently , endurance events w om en com m only com pete in  include 
d istance running , cycling, an d  tria th lons and  events tha t involve over 12 
hours of continuous activity like u ltram arathons and  ironm an  triath lons. In 
1996, the  largest tria th lon  in  N orthw estern  U nited  States w as an  all-w om en's 
tria th lon  tha t consisted of nearly  1000 fem ale com petitors. Indeed, w om en 
are significantly involved in  endurance exercise today.
A lthough fem ales today are a large com ponent of the endurance 
ath lete population , w hether fem ales dem onstra te  a specific m etabolic 
response to  exercise has no t been  adequately  addressed . W hile several factors 
including  endurance training, cardiorespiratory  fitness, exercise intensity , and  
d u ra tio n  have been  dem onstra ted  to have significant effects o n  the m etabolic 
response to  acute exercise, w hether o r no t gender (e.g., horm onal profile) 
affects exercise m etabolism  rem ains inconclusive. If gender differences do
1
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exist in  exercise m etabolism  then  this m ay have im plications for defin ing 
gender specific strategies in  sport nutrition , training, and  com petition.
There are obvious differences in  physical perform ance potential 
betw een  genders. M ales hold  m ost aU w orld  records tha t require strength, 
pow er, speed, and  endurance. This gender difference m  athletic perform ance 
is a ttribu ted  to m ales generally having larger body  size, m ore m uscle mass, 
larger hearts, greater hem oglobin concentration, and  less relative body  fat 
(Brooks & Fahey, 1985). W hile these physical differences are w ell 
docum ented , gender differences in fat and  Ccirbohydrate m etabolism  during  
exercise are not.
It has been  hypothesized from  anecdotal evidence tha t fem ales d o  no t 
experience the extrem e fatigue of m arathons know n as "h itting the wall." 
This extrem e fatigue is characterized by hver and  m uscle glycogen depletion  
and  hypoglycem ia. A  typical explanation for this type of em pirical 
observation is tha t fem ales utilize relatively m ore fat and  hence spare m ore 
m uscle glycogen during  pro longed exercise than  m ales. This p roposed  
increased fat use is usually a ttribu ted  to  a m ore effective fat m etabolism  and  
to  the fact tha t w om en generally have relatively m ore body  fat th an  m en. 
W hile fem ales generally have relatively m ore body  fat th an  m ales, this m ay 
n o t d ictate endurance perform ance, because even  the leanest m ale endurance 
ath letes have am ple fat stores to  successfully com plete u ltram arathons an d  
ironm an  triathlons. The issue of w hether fem ales m etabolize fat m ore 
effectively is less conclusive.
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Since carbohydrate stores in  the hum an  body  are m uch m ore lim ited 
than  fat stores, the ability to spare carbohydrate is of g reat concern to the 
endurance athlete. Costill et al. (1979) concluded tha t w ere no differences in 
fat m etabolism  in trained m ales and  fem ales w ho had  sim ilar VOjmax, 
training mileage, and  m uscle fiber com position. In contrast to  this finding, 
Tam opolsky et al. (1990) concluded tha t females dem onstrate greater fat 
u tilization  and  less carbohydrate utilization than  m ales du ring  exercise.
O bserved differences in  substrate utilization betw een genders are 
usually attribu ted  to circulating ovarian horm ones (Bunt, 1990). It has been 
show n repeatedly  in  ovaiiectom ized fem ale and  m ale ra ts  tha t the ovarian  
horm one, estradiol has significant effects on substrate utilization du ring  
exercise (H atta et al., 1988; K endrick et al., 1987; K endrick & EUis, 1991). 
W hether ovarian horm ones have an  effect on  substra te u tilization  in 
hum ans is m uch m ore difficult to assess. D ue to a constantly changing 
horm onal m ilieu of the m enstruating  female, it is difficult to isolate the 
effects of select horm ones o n  substrate utilization. Ruby et al. (1997) used  
am enorrheic (low circulating levels of ovarian  horm ones) fem ales to  assess 
the effects of acute adm inistra tion  of estradiol on  substrate p a tte rn  u tilization  
during  exercise. They discovered tha t total carbohydrate and fat oxidation w as 
no t affected by the estradiol treatm ent. H ow ever, carbohydrate m etabolism  
w as affected as the ra te  of glucose appearance from  the hver and  the rate  of 
glucose disposal into the m uscle tissue w ere decreased as a resu lt of the 
estrad io l treatm ent.
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Progesterone w hich m irrors the estradiol rise and  fall during  the 
follicular and  luteal phases has been  show n to antagonize estradiol effects on 
substrate use in rats (H atta et al., 1988). It has been suggested that if indeed 
estradiol is antagonized by progesterone, the ratio  of estradiol to progesterone 
m ay be m ore im portan t than  the absolute levels of estradiol and  progesterone 
(Reinke et al., 1972). To determ ine the com bined effects of ovarian  horm ones 
(estradiol, progesterone, follicle stim ulating, and  lu teinizing horm one) on 
substrate m etabolism  during  exercise, females are stud ied  during  the 
follicular and  luteal phases of the m enstrual cycle. C urrently  the collective 
results are equivocal as to w hether m enstrual phase affects substrate use 
du ring  exercise. W hen differences betw een  m enstrual phases w ere 
determ ined, exercise during  the luteal phase usually  elicits low er blood 
lactate, low er epinephrine (Sutton et al., 1978; furkow ski e t al., 1981), and  
higher insulin  levels (Bonen et al., 1983; Bonen et al., 1991). These changes 
are suggestive of an  effect on carbohydrate m etabolism .
If indeed gender and  the associated horm onal m ilieu affect substra te 
m etabolism  during  exercise, th en  optim al nu trition , training, and  
com petition for the fem ale athlete m ay have to  be adjusted to be in  accord 
w ith  the ovarian  horm onal status. This study  w as designed w ith  
consideration of previous protocols and  results to effectively reduce 
confounding variables and  to  best detect substrate utilization patterns in 
m ales an d  females.
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Problem
T he purpose of this study  is to determ ine if there are  gender differences in 
substra te u tilization  during  subm axim al exercise. This study  w ül exam ine 
an d  com pare the proportions of fat and  carbohydrate to total oxidation, and  
the relative contributions of liver an d  m uscle glycogen stores to total 
oxidation in  active m ales and  females du ring  exercise at 70% and  90% of 
lactate threshold. In o rder to explain the observed sim ilarities or disparities, 
select m etabolic regulatory  and  ovarian  horm ones w ill be  m onitored. The 
data  collected w ül aid in  determ ining if there are gender differences in  
nu tritional and  training guidelines for exercise.
Subproblem
A  secondary purpose of this study  is to determ ine if m enstrual phase (m id­
follicular or luteal) affects substrate u tü ization  during  subm axim al exercise. 
This study  will exam ine and  com pare the proportions of fat and  carbohydrate 
to to ta l oxidation and  the relative contributions of liver and  m uscle glycogen 
stores to to tal oxidation in  active fem ales du ring  exercise at 70% an d  90% of 
lactate threshold  in  the m id-follicular an d  m id-luteal phases. In o rd e r to 
explain the  observed simUarities o r d isparities, select m etabolic regulatory  
an d  ovarian  horm ones w ill be  m onitored. The d a ta  collected w ill aid  in  
determ ining  if exercise training, com petition, an d  nu trition  shou ld  be 
ad justed  according to the m enstrual phase.
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Research H ypotheses
H ypothesis One
There w ill be no  difference in  the percentage of the total oxidized 
carbohydrate and  fat substrates during  exercise betw een genders.
Justification
D ue to the heterogeneity of protocols, the m atching procedures, and the 
general d isregard  for m enstrual status, it is difficult to derive a directional 
hypothesis from  prio r research. Several past studies have concluded that 
fem ales oxidize m ore fat relative to  m ales (Friedm ann & K inderm ann, 1989; 
Froberg & Pedersen, 1984; Jansson et al., 1986; Tam opolsky et al., 1990; 
T am opolsky et al., 1995). Several o ther studies have concluded that there are 
no gender differences in  the proportion  of oxidized carbohydrates and  fats 
during  exercise (Powers et al., 1980; Wallace e t al., 1980; CostiU et al., 1979; 
M endenhall et al., 1995). In  all the review ed studies on gender differences 
except one (Wallace et al., 1980), the sole criteria for exercise intensity w as a  set 
percentage of VOjmax. Subjects w ith  the sam e VOjmax can have very 
different fuel selection p a ttem s at sim ilar exercise intensities if the ir lactate 
th resho lds (^VOgmax) are different (Coggan et al., 1992). W hen W allace et al. 
(1980) h ad  active m ales and  fem ales ru n  at 89% of their respective lactate 
thresholds they discovered no differences in  carbohydrate an d  fat oxidation.
In tw o studies w here there w ere no  gender differences in substrates 
oxidized, the male and  fem ales w ere m atched on VOjmax expressed per kg
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body w eight (Powers et al., 1980; Costill et al., 1979). Since females generally 
have less relative m u sd e  m ass (i.e., h igher fat %), the fem ales m atched on 
VOgmax per kg body w eight (ml kg^ m in  m ay be expected to be m ore fit 
than  the males. A lthough the subjects in  the above studies m ay have had  
sim ilar VOjmax an d  sim ilar train ing this does no t ensure sim ilarities in 
lactate thresholds. Therefore, conclusions about gender differences from  
these above studies are tenuous because the differences could have sim ply 
been d u e  to higher lactate thresholds in  the females.
Since it has been show n fairly conclusively in  rats that ovarian 
horm ones can affect carbohydrate m etabolism  du ring  exerdse, the horm onal 
status of the female subjects should  be taken into account in gender 
com parison studies. Only tw o review ed studies (Tam opolsky et al., 1990; 
M endenhall e t al., 1995) have controlled for this variable. Lavoie e t al. (1987) 
and  H ackney et al. (1994) co n d u d ed  that the m enstrual phase of the female 
plays a role in  substrate selection patterns. Since m ost of the review ed studies 
d id  no t control for the potentially  confounding effects of m atching subjects 
an d  exerdse intensity w ith  V 0 2 max, and  m enstrual status, a directional 
hypothesis about gender differences in  substrate selection cannot be 
determ ined .
H ypothesis  Two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8
There w ill be no  difference in  the percentage of the total oxidized 
carbohydrate and  fat substrates du ring  exercise betw een luteal and mid- 
folhcular phases of the m enstrual cycle.
Justifica tion
Collectively, the m ajority of the literature suggests tha t there m ay be slight 
differences in  m etabolic responses to exercise betw een phases of the 
m enstrual cycle. Only one review ed study  has determ ined a difference in  fat 
and  carbohydrate oxidation betw een m enstrual phases (Hackney et al., 1994). 
C arbohydrate oxidation w as higher in  the foUicular phase at exercise 
intensities of 35% and  65% of VOgmax. Bonen et al. (1983 & 1991), Jurkowski 
et al. (1981), Nicklas et al. (1989), and  Kanaley et al. (1987) determ ined tha t 
there w ere no  differences in  fat o r carbohydrate oxidation betw een m enstrual 
phases. It has been show n in  rats (H atta et al., 1988; Kendrick et al., 1987; 
Rooney et al., 1993) that estradiol treatm ent can decrease carbohydrate 
oxidation and increase fat oxidation. Since circulating estradiol levels are 
increased in  the luteal phase relative to the follicular phase, it m ay be 
expected tha t carbohydrate oxidation in  the luteal phase w ould  be decreased. 
This m ay be the case if estradiol acts alone o n  substra te selection o r its action 
is no t affected by  o ther ovarian  horm ones th a t are in  constant flux 
th ro u g h o u t the cycle. The ovarian  horm one, progesterone m irro rs the rise in  
circulating estradiol in  the lu teal phase an d  has been  show n to  suppress the 
effect of estradiol on carbohydrate m etabolism  (H atta e t al., 1988). The
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review ed literature in  hum ans is equivocal to w hether fat and  carbohydrate 
oxidation  is sim ilar betw een  the follicular and  lu teal phases of the  m enstrual 
cyde.
H ypothesis  Three
There w ill be  a greater relative contribution of p lasm a derived glucose to total 
carbohydrate oxidation (Rd g lucose/to ta l carbohydrate oxidation) during 
exercise in  fem ales in  the m idfollicular phase of the m enstrual cycle 
com pared  to  males.
Justification
There has only been  one published gender com parison abstract investigating 
the contribution of plasm a derived and  in tram uscular glycogen to  total 
carbohydrate oxidation (M endenhall e t al., 1995). In  this study  fou r m ales and 
four fem ales in  the follicular phase perform ed 60 m inutes of cyde ergom etry 
at 50%VO2peak. Free fatty a d d  and  glucose stable isotope tracers w ere infused 
during  exerdse to  estim ate the contribu tion  of in tram uscular and  
extram uscular sources to substra te oxidation. The fem ales used  relatively 
m ore plasm a derived  glucose than  the males. This is the only gender 
com parison study  tha t has used  stable isotope tracers to com pare the relative 
contributions of in tram uscular an d  extram uscular sources to substrate 
oxidation .
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H ypothesis  Four
There w ill be no difference in  the relative contribution of plasm a derived 
glucose to total carbohydrate oxidation (Rd g lucose/to ta l carbohydrate 
oxidation) during  exercise in  fem ales in  the m idlu teal phase of the m enstrual 
cycle com pared to males.
Justifica tion
The relative contribution of plasm a derived glucose to total carbohydrate 
oxidation betw een m ales and  fem ales exercised during  the m idluteal phase 
has no t been  exam ined. Since fem ales in  the luteal phase have no t been 
exam ined w ith  the tracer o r m uscle biopsy technique in  a gender com parison 
study, the direction of this hypothesis cannot be discerned.
H ypothesis  Five
There w ill be no difference in  the relative contribu tion  of p lasm a derived  
glucose to total carbohydrate oxidation (Rd g lucose/to ta l carbohydrate 
oxidation) during  exercise in  fem ales betw een  the m idfollicular and  
m idlu teal phases of the m enstrual cycle.
Justif ica tion
N o study  has investigated m enstrual phase effects o n  the relative 
contributions of hepatic and  m uscle stores to to tal carbohydrate oxidation 
d u rin g  exercise. Only one study  has exam ined the effects of m enstrual phase
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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on  in tram uscular glycogen utilization du ring  exercise (Nicklas et al., 1989). 
This study  dem onstrated  th a t there w ere no differences in  in tram uscular 
glycogen or total carbohydrate oxidation during  exercise. If there w ere 
differences in  the relative contribution  of p lasm a derived  an d  intram uscular 
glycogen during  exercise, it w ould  be expected tha t total carbohydrate or 
in tram uscular glycogen w ould  be different betw een phases. If one of these 
variables w as different betw een  phases and  the o ther w as not, then  it w ould 
be expected tha t there are differences in  relative contribution of p lasm a 
derived  glucose to total carbohydrate oxidation.
Significance of the S tudy
In  gender and  m enstrual phase com parison studies, there has been only one 
published study (M endenhall et al., 1995) tha t has used  the stable isotope 
tracer m ethodology to exam ine substrate p a tte rn  selection during  exercise. 
This study  will be the first to  investigate gender effects on glucose kinetics in 
the lu teal phase as w ell as the first study  to com pare the relative contributions 
of p lasm a derived glucose to to ta l carbohydrate oxidation during  the follicular 
and  lu teal phases.
M ost p rev ious gender an d  m enstrual phase com parison stud ies have 
arbitrarily  selected the exercise intensity to  be a set percentage of V Ojm ax. 
C ureton  (1980) suggested tha t the lactate threshold  m ay be a better indicator of 
m etabolic fitness th an  VOjmax. D ifferent lactate th resholds can have 
significant effects on  exercise m etabolism  even in  subjects w ith  the sam e
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VO^max (Coggan et al., 1992). A n exam ple of this effect w ould  be if tw o 
subjects w ho had  the sam e VOzmax b u t their thresholds w ere 65% an d  75% of 
VOjmax. If these subjects w ere exercised at 70% of VO^max, one subject 
w ould  be above threshold  and  the o ther w ould  be below  resulting in a greater 
dependence on carbohydrate for the low er threshold  subject. To avoid  these 
potentially  confounding m etabolic effects of the lactate threshold, subjects of 
this study  w ül be exercised a t intensities based on percentages of their 
respective lactate thresholds. O nly one gender com parison study review ed 
(Wallace et al., 1980) has used  the lactate threshold  to control for exercise 
intensity. A pparently  no  studies exam ining m enstrual phase effects on 
substrate selection have controlled for the lactate threshold.
Between-subjects designs th a t d o  n o t have random  assignm ent to 
groups, Hke gender com parison studies necessitate the reduction  of 
confounding variables like fitness level differences w ith in  an d  betw een  
groups. These differences m ay m ask potential gender effects or give 
erroneous conclusions. For a repeated  m easures (i.e., zero betw een  subjects) 
design like a  m enstrual phase com parison, the reduction  of w ith in  g ro u p  
varia tion  is im portan t to ob tain  m ore hom ogenous tria l (m enstrual phase) 
responses to exercise. Reduced variation  w ith in  trials and  betw een  subjects 
im proves the pow er of detecting differences. The use of lactate th reshold  to 
control for exercise intensity is used  to address these research design concerns 
of gender an d  m enstrual phase com parison studies.
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Rationale for the Study
The investigation of w hether gender or m enstrual phase affects substrate 
oxidation is necessary for a  m ore com plete understand ing  of the female 
physiological response to exercise. U nderstanding  the m etabolic param eters 
affected by ovarian  horm ones aids in  addressing fem ale specific nutritional 
concerns. If the circulating ovarian  horm ones affect the selection of fuel 
sources, th is m ay have im plications for exercise train ing  and  com petition 
du ring  the m enstrual cycle. If m enstrual phase an d  ovarian  horm onal levels 
have an  effect on  fem ale m etabolism  this m ay also have im plications for 
understand ing  health  issues like gestational diabetes and  secondary 
am enorrhea. D uring pregnancy fuel selection p a ttem s m ay be in p a rt dictated 
by the dem ands of the developing fetus an d  placenta. The developing fetus 
rivals the nervous system  in  plasm a glucose oxidation at rest. The results of 
this study  m ay aid  in  the understand ing  of ovarian  horm ones effect on  
glucose m etabolism  w hich  m ay be im portan t for understand ing  the pa tte rn s 
of glucose m etabolism  d u rin g  pregnancy.
Limitations
i /  N on-random ized  sam ple. The sam ple wUl n o t be random ly selected. 
R andom  selection is used  to  equalize com pared  groups on  extraneous 
variables. The m enstrual phase com parison w ül use the sam e fem ales (i.e., 
repea ted  m easures) thus elim inating confounding variables (e.g., fitness 
level, fiber type, diet). The betw een  subjects com parison of m ales and  fem ales
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will elim inate the confounding variable of fitness level by basing the exercise 
intensity  on  a percentage of the lactate threshold.
i i /  Instrum entation . There is inheren t erro r associated w ith  all 
instrum entation , how ever, e rro r w ill be ininirnized by using trained  testers 
and  calibrated equipm ent.
i ii/ M odels for substrate use. There are errors inheren t (Cobelli et al, 1987) in 
the non-steady state assum ptions used  to calculate glucose kinetics during  
exercise. While these errors m ay affect the accuracy (i.e., how  close to the true 
value) of the results, the precision (i.e., consistency of results) will be 
m aintained across subjects as the protocol and  the constants used  in  the 
calculations wiU be identical for all subjects.
iv /  M uscle glycogen. This investigation w ill no t use the invasive technique 
of m uscle biopsy to determ ine p re  an d  post exercise glycogen concentrations. 
Since the existing levels of glycogen concentration in  the m uscle before 
exercise can affect carbohydrate use du ring  pro longed exercise, know ing 
m uscle glycogen concentration w ould  aid in  explaining observed substra te 
selection pattem s. To m inim ize a pre-exerdse m uscle glycogen effect on  
substrate use, the exerdse b o u t w ill only be 50 m inutes in  duration .
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D elim itations
1/ Type of subjects. Since the results of this study  m ay have im plications for 
fem ale nu tritional needs du ring  exercise, indiv iduals w ho regularly 
participate in  aerobic exercise will be used  for this study. All subjects will 
have a V O jpeak of at least 45 m l kg  ̂m in  \
i i /  L ipid kinetics. D ue to the com plexity of free fatty acid infusion and 
additional significant cost of tracer, free fatty acid and glycerol kinetics will not 
be  determ ined  in  this study. Such results w ou ld  provide valuable 
inform ation about the source (adipose o r intram uscular) of fat use during  
exercise.
iii /  Specific intensity levels. This investigation w ül only study  2 levels of 
exercise intensity. These 2 intensities w ere chosen because they represen t 
exercise intensities of recreational athletes.
iv /  Specific exercise m ode. Cycling will be used  as the only m ode of exercise 
in  this study. The use of cycle ergom etry  does n o t require  the m ovem ent of 
the arm s thus sim plifies infusion an d  b lood sam pling logistics. Cycling is 
also a very  com m on activity for recreational athletes.
v /  A ge of the subjects. For testing purposes, only 20-34 year-old subjects will 
be  selected for this study. Aging has been  show n to  influence fitness and
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substrate use during  exercise (Sial et al., 1996). Therefore, the use of 20-34 
year-o ld  subjects elim inates the potential confounding effects of aging.
v i /  M enstrual status. This investigation w ül only study  the substrate use 
p a ttem s in  eum enorrheic females. Since the determ ination  of substrate use 
d u rin g  m id-follicular an d  lu teal phases are sought, females w ith  irregular or 
am enorrheic cycles wiU be excluded from  this study.
D éfin ition  of Term s
Tracer. Labeled m etabolite infused to study  a m etabolite of interest.
Tracee. The m etabolite w hose tu rnover is being exam ined.
Ra an d  Rd. Rate of appearance (Ra) and rate of disposal (Rd) of a given 
m etabolite into and  ou t of the circulation. These dependen t variables will be 
expressed in  the units p,m ol m in   ̂kg \
Isotopic enrichm ent. Tracer to tracee ratio. D eterm ined w ith  a  gas 
chrom atography-m ass spectrom eter. U sed to calculate Ra and  Rd.
Substrate. A selected fuel tha t is oxidized to yield energy.
R espiratoiy  Exchange Ratio (RER). The ratio  of VCO 2  expired to VOg 
consum ed. A t subm axim al intensities, it can be used  to determ ine the 
p roportion  of fats and  carbohydrates oxidized. Since m ore oxygen is required  
to m etabolize fat than  carbohydrate, a low er RER indicates m ore fat oxidation. 
A RER of 0.71 indicates p u re  fat oxidation and  a RER of 1.00 indicates p u re  
carbohydrate oxidation.
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Effective vo lum e of d istribu tion . The physiological space (e.g., blood and  
in terstitial fluid) th a t is assum ed to instantaneously  mix a given m etabolite. 
6,6-^H-glucose. A glucose molecule tha t has the tw o hydrogens on the 
num ber six carbon replaced w ith  tw o deuterium s. U sed as a  stable isotope 
tracer to m easure glucose kinetics. A  gas chrom atography-m ass spectrom eter 
can detect the presence of the deuterium s.
VO^max. The m axim al am ount of oxygen an  indiv idual can consume. 
V O jpeak. The m axim al am oun t of oxygen an  ind iv idual can consum e 
during  a specific m ode of exercise.
Lactate th reshold . The rninim al exercise intensity  w here lactate rem oval 
caiuiot keep pace w ith  lactate p roduction  resulting in  increased m uscle and  
plasm a lactate concentrations. Usually expressed as a percentage of V02m ax 
o r VO^peak.
O varian  horm ones. H orm ones released by  fiie ovaries that are necessary for 
the m aintenance of the m enstrual cycle an d  the developm ent of a fetus (e.g., 
estradiol, progesterone, follicle stim ulating  horm one, lu teinizing horm one). 
M id-fo llicular an d  lu teal. Early foUicular refers to the phase of the m enstrual 
cycle w hen  an egg begins m aturing  and  circulating estradiol and  progesterone 
are low . Luteal refers to the phase of the m enstrual cycle w hen  the 
endom etrium  develops an d  circulating estradio l and  progesterone are 
elevated .
A m enorrheic . The absence of a m enstrual cy d e  characterized by constantly 
low  levels of circulating estradiol and  progesterone.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
Eumenorrheic. A norm ally m enstruating  fem ale w itli 10-12 iiieiiylruai cycles 
in  the prev ious 12 m onths
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C hapter Tw o : Review  of R elated L iterature
Gender comparisons in substrate utiliza tion during exercise 
There has been  a significeint increase in  gender com parison studies in  the last 
20 years. As indicated by Table 2.1, previous investigations into gender 
differences collectively suggest tha t un tra ined  fem ales oxidize m ore lipid 
th an  un tra ined  m ales a t a  sim ilar percentage of VOjmax. H ow ever, these 
differences do  no t seem  to  exist betw een highly trained m ales and  females.
Research design o f  gender comparison studies
AU gender com parison studies review ed exam ine substrate utilization a t a set 
percentage of VO^max. The fitness classification of subjects have ranged  from  
u n tra in ed  an d  healthy  (M endenhall e t al., 1995; F riedm ann and K inderm an, 
1989) to trained subjects (CostiU et al., 1979; Tam opolsky e t al., 1990; WaUace et 
al., 1980; Powers et al., 1980). Techniques used  to assess substrate utilization 
have included indirect calorim etry, b lood  m etabolite sam pling, m uscle 
biopsies, and  stable isotope tracer m ethodology. AU review ed studies except 
F riedm ann & K inderm an (1989) have used  indirect calorim etry (RER and  
VOg) to calculate the proportional contribution of carbohydrates and  fats to 
to tal energy expended. This technique involves m easuring expired gases to 
determ ine the ratio  of CO 2  p roduced  to consum ed. Since the oxidation of 
fat requires m ore O 2 th an  carbohydrates, this ratio  can be used  to determ ine 
the  p roportion  of substrates oxidized. All rev iew ed studies have used  b lood
19
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sam pling to exam ine various m etabolites and  horm ones including blood 
glucose, lactate, free fatty ad d s , glycerol, epinephrine, insulin, and g row th  
horm one. Tam opolsky e t al, (1990) and  N ygaard  et al. (1978) used the muscle 
b iopsy technique to assess glycogen degradation  during  exerdse by m easuring 
in tram uscu lar glycogen concentrations before and  after exercise. M endenhall 
et al. (1995) used glucose and free fatty a d d  stable isotope tracers to deterrnine 
the relative contribution  of in tram uscular and  extram uscular (e.g., liver, 
adipose) sources to total substrate oxidation.
M atching o f  female and male subjects in gender comparison studies 
Since fitness level alone can have a significant effect on  substrate utilization 
during  exerdse (H urley e t al., 1986), p rio r research has m ost often used 
sim ilarly trained males an d  females to best isolate the effects of gender on  
substrate use. M axim al oxygen consum ption (VOjmax) is used  in  all 
review ed gender com parison studies to define cardiorespiratory fitness. 
Pow ers et al. (1980), Costill et al. (1979) expressed VOjmax relative to to tal 
body  w eight (ml kg  ̂m in  )̂ to m atch m ales and  fem ales for cardiorespiratory 
fitness. Tam opolsky et al. (1990), Froberg & Pedersen (1984), Bunt et al. (1986) 
used  m ales and  fem ales w ho h ad  sim ilar VO^max expressed per kg lean body  
w eight (i.e., fat-free mass). G raham  et al. (1986) and  Jansson et al. (1986) d id  
no t address the fitness level of their subjects. A s no ted  by Froberg & Pedersen  
(1984), VOgmax expressed per kg body  w eight m ay no t be the m ost appropriate  
m e th o d  for
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r4 Table 2.1. Summary of investigations into gender differences in substrate utilization during exercise
References
Tamopolsky ct al., 
1990
6 M T
6 F T
eumenorrheic
~65% VOzmaxrun 
for 15.5km; matched 
for VOZmax LBW & 
& midfollicular
Mendenhall et al., 
1995
4 M U T
4 F U T
follicular
Cycling @50%VO2peak 
for 1 hour
Froberg & Pedersen, 
1984
7 M Active 
6 M Active
Cycling @80% and 90% 
VOZmax to exhaustion 
similar VOZmaxLBW
Jansson, 1986 18 F 
15 M
Cycling @65%VOZmax 
for 25 minutes
Graham et al., 
1986
6 amenorrheic F 
6 eumenorrheicF 
6 M
30% VOZmax for 20 min, 
60% VOzmax for 20 min, 
then cycle to exhaustion 
@90%VOZmax
Friedmann&Kinderman,
1989
12 M T  
1 2 F T  
12 M U T  
12M UT
T group ran @80% 
VOzmax for 14-17km  
UT ran @75%VOZmax 
for 10km
Costill et al., 
1979
1 2 F T  
12 M T
60 min run @70% 
VOZmax; matched on 
VOzmaxBW&training
Wallace et al., 
1980
lO F T 120 min run @~66% 
VOzmax(89% of lactate 
threshold)
Powers et al., 
1980
4 F T
4 M T
90 min run @65%VOZmax 
matched onVOZmax BW 
& training
Results Conclusions
F R E R < M  
F blood glucose > M 
F 1 Mglycogen use <  M 
F epinephrine < M 
F insulin > M
N o differences in RER 
N o difference in IMtriglyceride use 
F IMglycogen use < M 
F epinephrine < M
F lasted longer @80%VO2max 
N o differences in times to 
exhaustion @90%VO2max 
F RER < M @80%VO2max 
N o differences in lactate@90%
F RER < M during exercise & rest 
No differences in olood glucose, 
FFA during exercise & rest plasma
Ameno F FFA > M @30% V02max 
No differences in FFA between  
eumenorrheicF&M  
No differences in RER 
Lactate & noradrenaline all F < M
U T F F F A > M  
UT F blood glucose > M 
No exercise differences in T F&M 
At r e s t , U T & T F h G H > M
No differences in RER 
No differences in FFA, glycerol 
responses during exerase
N o differences in blood glucose, 
lactate, glycerol, FFA, ketones 
during exercise
N o differences in RER 
N o differences in lactate responses
Females use relatively more fat and less carbohydrates 
during prolonged exercise than males with similar 
VOZmax per LBW and training histories.
Females in the follicular phase rely more on plasma 
glucose than males for carbohydrate oxidation during 
moderate intensity exercise.
Females use relatively more fat @ 80% VOzmax. 
Differences in times to exhaustion due to > IM 
glycogen depletion in males as indicated by RER.
No differences @90% because of similar lactate 
responses.
Although females had a greater relative proportion of 
fat oxidation, there were no gender differences in 
metabolite responses.
Metabolic sexual dim oiphism  exists as well as distinct 
differences in female subgroups identified by menstrual 
status.
In untrained suWects there is a difference between F 
M in glucose and FFA metabolism. There were no 
gender differences in substrate responses to exercise in 
trained subjects.
There are no differences in lipid metabolism in trained 
males and females d uring submaximal exercise.
Trained males and females metabolize fats and caibos 
similarly during prolonged exercise at comparable 
relative intensities.
This data does not support a gender difference in fat 
metabolism when subjects are matched by VOzmax per 
kg body weight and training volume.
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m atching cardiorespiratory  fitness in  m ales an d  females. Since females 
typically have less O j consum ing tissue (i.e., m uscle mass) p e r kg total body 
w eight d u e  to h igher percent body fat, females w ith  sim ilar m uscle oxidative 
capacity should  have a low er VOzmax w hen  expressed per kg body weight. 
Therefore, tfiis w ould  im ply tha t fem ales w ith  sim ilar VOjmax per kg body 
w eight to m ales w ould  be relatively m ore fit than  the males. Buskirk and 
Taylor (1957) suggested tha t VOjmax per kg lean body m ass may m ost 
appropriately  m easure cardiorespiratory capacity. H ow ever, because females 
o ften  have low er hem oglobin concentration (i.e., low er capacity, VOzmax 
p e r kg lean  body w eight m ay still show  low er values in females. A ccording to 
C ureton  (1981), th is difference is often  non-significant in  sm all group 
com parisons due  to low  statistical pow er.
Selection o f  exercise in tensity  in gender comparison studies
G ender com parisons in  substra te utilization have been stud ied  du ring
exercise intensities ranging from  30% VOjmax (G raham  et al., 1986) to  90%
V O jm ax (Froberg & Pedersen, 1984). M ost studies (Bunt e t al., 1986; W allace 
et al., 1980; Tamopolsky e t al., 1990; Costill et al., 1979; G raham  et al., 1986; 
Jansson et al., 1986) have exam ined substrate u tilization  du ring  m odera te  
exercise intensity (60% to 70% VOgmax). The lactate th reshold  w as u sed  in  
the study  by Wallace e t al. (1980) to  assign a runn ing  velocity that 
corresponded  to 88% of VOj at the lactate threshold . The lactate th reshold  can 
have significant effects on  substrate utilization (Coggan et al., 1992). C oggan et
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al. com pared  substrate oxidation and  glucose kinetics in  subjects w ith  sim ilar 
VOzmax and  dissim ilar lactate thresholds. Subjects w ith  low er lactate 
thresholds dem onstrated  a significantly greater dependence on carbohydrate 
oxidation an d  a decreased reliance on  fat oxidation com pared to the high 
threshold  g roup  w hen  exercised a t a m oderate intensity (~50%VO2max).
These au thors state tha t the lactate threshold m ay be a  better m easure of 
skeletal m uscle oxidative capacity than  VOzmax. A lthough lactate threshold  
has been  dem onstrated  to affect substrate selection during  exercise, the 
overw helm ing m ajority of gender com parison studies have no t used  the 
lactate threshold  to assign exercise intensities.
M enstrual sta tus o f  female subjects in gender comparison studies 
The substra te u tilization  patterns of females used  in  studies by  M endenhall et 
al. (1995) and  Tam opolsky et al. (1990) w ere stud ied  during  exercise in  the 
follicular phase w hen  circulating ovarian  horm ones are relatively low . In 
the study  by G raham  et al. (1986), substrate use du ring  exercise w as exam ined 
in  norm ally m enstruating  an d  am enorrheic females. M any o ther studies 
(Wallace e t al., 1980; F riedm ann & K inderm an, 1989; Froberg & Pedersen, 
1984; CostUl e t al., 1979; Pow ers et al., 1980; Jansson et al., 1986) have no t 
described the m enstrual condition of their fem ale subjects w hen  they w ere 
s tu d ied  for substrate utilization. In  eum enorrheic females, the phase of the 
m enstrual cycle m ay have independen t effects o n  m etabolic responses to 
exercise (Hackney et al., 1994; Lavoie et al., 1987; Jurkow ski et al., 1981). Table
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2.2 sum m arizes several studies investigating m enstrual phase effects on 
substrate use du ring  exercise. H ackney et al. (1994) determ ined that 
carbohydrate use w as decreased and  fat use increased during  the luteal phase 
com pared  to the follicular phase in  trained  fem ales w ho ran  at 35% and  65% 
of VOjmax. Lavoie et al. (1987) and  Jurkow ski et al. (1981) determ ined tha t 
the b lood lactate response to exercise w as greater du ring  the follicular phase 
th an  the luteal phase, suggesting an  increased dependence on  glycolysis 
du ring  the follicular phase. The d isregard  for fem ale m enstrual condition in 
gender com parison studies m ay confound results as this variable m ay have 
significant effects on  substrate use during  exercise.
Results and discussion o f  gender comparison studies
CostiU et al. (1979) investigated substrate utilization in  12 trained fem ales and  
13 tra ined  m ales du ring  treadm ill runn ing  a t 70% VOzmax. M ale and 
fem ales w ere m atched on  VOzmax p er kg body w eight an d  training volum e. 
N o differences in  fat or carbohydrate oxidation, b lood FFA, or glycerol w ere 
d iscovered betw een m ales an d  females. The au thors concluded tha t there 
w ere no  differences in  fat m etabolism  in  sim ilarly tra ined  m ales an d  fem ales 
du ring  subm axim al exercise. Pow ers et al. (1980) using  the sam e criteria for 
m atching m ales and  fem ales found  sim ilar results in  four tra ined  m ales and  
fem ales m atched on  VOzmax per kg body  w eight and  training volum e. The 
resu lts of these studies should  be considered in  light of the m atching 
p rocedures and the d isregard  for m enstrual sta tus of the fem ale subjects. As
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discussed above, females w ho have sim ilar VOjmax p er kg body w eight to 
m ales m ay be considered to m ore fit than  their m ale counterparts due to 
differences in  body com position (Cureton, 1981). All of these subjects w ere 
runn ing  betw een  30 and  70 miles a week. Incidence of am enorrhea tends to 
be h igher in  w om en w ho are involved in heavy training. It m ight be 
expected tha t m any of these w om en have low  circulating levels of ovarian 
horm ones m aking these fem ales m ore endocrinologically sim ilar to m ales 
com pared  to  eum enorrheic females.
In contrast to these above studies, Froberg & Pedersen (1984) and  
Tam opolsky et al. (1990) found significant differences in  fat and  carbohydrate 
m etabolism  in  sim ilarly trained  m ales an d  females. The fem ale and  m ale 
subjects of these studies w ere m atched by VOzmax p er kg lean body weight. 
Froberg & Pedersen h ad  6 physically active females and  7 active m ales exercise 
to exhaustion at 80% and  90% of VOzmax. D uring the 80% trial, the females 
perform ed for significantly longer tim es th an  the males. Flowever, there 
w ere no differences in  tim e to  exhaustion a t 90%VO2max. The g reater tim e to 
exhaustion in  the females is a ttribu ted  to slow er glycogen depletion as 
indicated by  a low er RER (i.e., increased fat oxidation) in  the females du ring  
the exercise. The sim ilarity in  tim e to  exhaustion during  th e  90% VOzmax 
trial is assum ed to be d u e  to com parable patterns of lactate accum ulation 
du ring  this in tense exercise.
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N Table 2.2, Summary of studies examining the effects of menstrual phase on substrate utilization during exercise
Conclusions
Bonen et al., 
1991
8F
eumenorrheics
Run for 30 minutes 
@40% V02max then 30 
minutes @85% V02max
No differences in RER, blood FFA,
lactate, glucose
Insulin follicular < luteal
hGH tends to be lower in follicular,
not significant, however
Ladate similarities between menstrual phases suggest 
that muscle carbohydrate metabolism during intense 
exercise is not altered by changes in ovarian steroids.
Bonen et al., 
1983
5 fasted F
6 glucose-fed F
Run for 30 minutes 
@40%VO2max then 30 
minutes @85% V02max
No differences in lactate, glycerol. Select metabolic responses are affected by menstrual 
hGH, cortisol, RER phase.
Glucose-fed F luteal FFA < follicular
Jurkowski et al., 
1981
9 F 33%, 66%, 90%VO2max 
cycle ergometry
No differences in VOj, VCOj, HR 
Follicular lactate > luteal @ 90% 
No difference in lactate disposal
Aerobic capacity is not affected by menstrual phase. 
Higher lactate in follicular phase due to production 
and not disposal.
Nicklas et al., 
1989
6 F moderately 
trained
70% V02max until 
exhaustion
Time to exhaustion tended to be >  
in luteal phase (p<0.07)
IM glycogen repletion > in luteal 
No differences in blood glue, lactate
Exerdse performance and m usde glycogen content are 
enhanced during luteal phase. Athletic performance 
may be affected b y  phases of the menstrual cyde.
Lavoie et al., 
1987
7 F active 90 min@63%V02max 
after 24 hour diet of 
low  carbos
Decrease in blood glucose in luteal 
@ 70 and 90 minutes 
Lactate follicular > luteal 
Cortisol luteal > follicular
The difference in blood glucose between phases 
suggests involvement ofgonadotrophic and /  or 
gonadal hormones in metabolism during exercise.
Kanaley et al., 
1992
6 amenorrheics
7 eumenorrheics 
A llT
Run @60%VO2max for 
90 min tested in early & 
late follicular, & luteal
N o differences in hGH response to 
exerdse
N o difference in fat or carbo use 
E2 did not increase during exercise 
in amenorrheics
GH levels and substrate utilization are independent of 
both menstrual phase and status. Amenorrhea does 
not result in metabolic consequences during prolonged 
exercise by influencing substrate utilization.
Dombovy et al,, 
1987
8 FUT Cycle ergometry V02max 
test.
N o differences in VOzmax, exercise 
duration, HRmax, max ventilation, 
cardiac output, ventilatory thresh, 
luteal RER < follicular
Although ventilatory parameters are altered by the 
menstrual cyde, there is no overall effect on maximal 
exercise performance.
Hackney et al., 
1994
9 F T Running @ 35%,60%, 
75% VOjmax for 10 min 
in each intensity
Carbo use luteal @35%,65%<follic 
Fat use luteal @35%,65%> follic 
N o differences @75% V02max
The phase of the menstrual cycle in eumenorrheic 
women does influence metabolic substrate usage 
during low-to-moderate intensity exercise.
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In the study by Tam opolsky et al. (1990), six trained  males and  females 
w ere m atched on  VOzmax per kg lean body w eight and  training volum e.
Tw o days before exercise testing all subjects consum ed sim ilar diets to 
m inim ize the effect of glycogen stores on  substrate utilization. The females 
w ere exercise tested in  the m idfollicular phase to control for the potential 
effect of m enstrual phase on  substra te use. D uring treadm ill running at 65% 
of VOgmax (~90 m inutes) m ales utilized a significantly greater p roportion  of 
carbohydrates for oxidation than  females, as indicated by  RER and muscle 
biopsy data. The au thors concluded tha t trained  females use relatively m ore 
fat an d  less carbohydrates du ring  exercise than  trained  m ales w ith  sim ilar 
V 02m ax p er kg lean body  mass. W hile this da ta  controlled for a num ber of 
variables including cardiorespiratory  fitness (i.e., m atching for VOjmax per kg 
lean body  weight), train ing  volum e, m enstrual phase, an d  diet, the potential 
differences in  the lactate threshold  betw een groups w as no t controlled for. As 
discussed above the percentage of VOjmax w here this threshold occurs can 
have significant effects on  carbohydrate m etabolism  during  exercise (Coggan 
et al., 1992). A nother explanation for the results of Tarnopolsky e t al. and  
Froberg & Pedersen could sim ply be th a t the fem ales had  higher lactate 
th resholds than  the m ales, resu lting  in  a relatively less dependence on  
carbohydrate. In a study  (Wallace et al., 1980) tha t d id  control for the lactate 
threshold , trained m ales and  females w ho exercised a t 88% of lactate 
threshold d id  no t dem onstrate any differences in  carbohydrate or fat
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m etabolism  as determ ined by RER, and  blood glucose, lactate, FFA, and 
glycerol.
In  a review  article on  gender differences in  substrate utilization during  
exercise. Ruby & Robergs (1994) concluded tha t the literature collectively 
suggests tha t gender plays a role in substrate selection in  un trained  b u t less so 
in  trained  subjects. The results of F riedm ann & K inderm an (1989) m ay be in 
accordance w ith  this conclusion. These investigators exam ined gender 
differences in  48 total trained  and  un tra ined  m ales and  females. The trained  
g roup  ran  at 80% VOzmax for 14-17 km  an d  the un tra ined  g roup  ran  at 75% 
VOzmax for 10 km. The m ales and  fem ales being com pared had  sim ilar 
lactate thresholds. Blood glucose an d  FFA w ere significantly higher in  
un tra in ed  females com pared to un tra ined  males. There w ere no observed 
differences in  b lood glucose and  FFA in  the trained  m ales and  fem ales du ring  
exercise. The authors concluded tha t their study  does no t present any 
conclusive data  to indicate tha t endurance-trained  persons show  gender 
differences in  lipid m etabolism . They also suggest tha t the increased b lood 
FFA observed in  un tra ined  fem ales m ay be explained by increased 
m obilization of FFA from  in tram uscular fat depots. H ow ever, static p lasm a 
m etabolite concentrations alone do  no t allow  for determ ination  of substrate 
up take  o r utilization. Static plasm a concentrations are  a function of the ra te  
of appearance of the m etabolite in to  the circulation and the ra te  of disposal of 
the m etabolite into the tissues. The increased b lood FFA seen in  fem ales 
could  be d u e  to  three different possibilities: increased FFA m obilization in to
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the blood, decreased disposal in to  the tissues, or a com bination of both. 
D epending on  w hich case is correct, substrate utilization m ay or m ay no t be 
affected by gender. The use of stable isotope tracers w ould  have allowed for 
the determ ination  of substrate use. As RER data  w as no t gathered  during  
exercise, to tal carbohydrate and  fat oxidation cannot be discerned from  this 
study.
In  a  recent study  using glucose and  FFA tracers (M endenhall et al.
1995), four un tra ined  m ales an d  fem ales (in follicular phase) exercised for one 
h o u r a t 50%VO2peak on  a cycle ergom eter. These au thors determ ined tha t 
there w ere no  gender differences in the percentages of fat and  carbohydrate 
oxidized during  exercise. H ow ever, the relative contribution  of plasm a 
derived  glucose to total carbohydrate oxidation w as greater (and m uscle 
glycogen contribution w as less) in  fem ales than  m ales. This is the first study  
to suggest tha t ind iv idual com ponents (hepatic glucose p roduction  and  
m uscle glycogenolysis) of carbohydrate m etabolism  m ay be affected by gender.
Effects o f  ovarian hormones on substrate selection
Differences in  substrate u tilization  betw een gender or m enstrual phase are 
usually  a ttribu ted  to differences in  circulating ovarian  horm ones (Bunt, 1990). 
The ovarian  horm ones, estradio l and  progesterone have been  dem onstra ted  
to have significant effects o n  carbohydrate an d  fat m etabolism  in exercising 
ra ts  (H atta et al., 1988; Rooney et al., 1993; K endrick et al., 1987; ElMs et al., 
1994). K endrick et al. determ ined  that oophorectom ized ra ts  trea ted  w ith
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estradio l spared  m yocardial glycogen utilization during  2 hours of treadm ill 
running . Rooney et al. (1993) also reported  a decrease in hepatic and  muscle 
glycogen utilization in m ale rats treated  w ith  estradiol. H atta  et al. (1988) 
determ ined  tha t ovariectom ized fem ale rats trea ted  w ith  17fi-estradiol relied 
less on carbohydrate oxidation than  the rats treated  w ith  176-estradiol and  
progesterone. The results of H atta  et al. are probably m ore applicable to a true 
in  vivo situation as estradiol is usually  no t p resen t as the lone ovarian 
horm one in  fem ales w ith  in tact ovaries.
W hile there have been  several studies using ra t m odels to determ ine 
the effects of estradiol and  progesterone on substra te utilization, there 
apparently  is only one hum an  study (Ruby et al., 1996) tha t has attem pted  to 
isolate the effect of estradiol o n  substrate utilization during  exercise. Isolating 
the  effects of ovarian  horm ones on  substrate u tilization  in hum an  fem ales is 
difficult d u e  to the ever changing horm onal m ilieu of the m enstruating  
female. As m entioned above the effects of estradiol on  carbohydrate 
m etabolism  m ay be suppressed  by the presence of p rogesterone (H atta e t al., 
1988). D ue to ethical and  subject concerns, estradiol and  progesterone 
p roducing  ovaries cannot be excised from  hum an  females. To best isolate the 
effects of estradiol on  substrate u tilization  pattern s during  exercise in 
hum ans. Ruby et al. (1996) determ ined  the effect of acute transderm al 
estrad io l adm inistra tion  on  glucose an d  fat m etabolism  in  am enorrheic 
fem ales. A m enorrheic fem ales are know n to have abnorm ally low  levels of 
circulating estradiol and  progesterone. Therefore differences in substra te  use
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in  these females m ay be ascribed to the  estradiol treatm ent. Total fat and  
carbohydrate oxidation as assessed by RER data  w as not significantly affected 
by  the estradiol treatm ent, how ever, hepatic glucose production  and  muscle 
glucose uptake, as m easured  by  the stable isotope tracer technique, w ere 
significantly decreased during  the estradiol treatm ent. As suggested by the 
results of M endenhall e t al. (1995) above, ovarian  horm ones m ay 
differentially affect ind iv idual com ponents of carbohydrate m etabolism  (i.e., 
p lasm a glucose utilization).
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C hapter Three : M ethodology
Settin g
All physiological testing took place in  the H um an  Perform ance Laboratory, 
McGill H all #121, The U niversity of M ontana.
Subjects
A  g roup  of 5 m ales and  6 eum enorrheic fem ales served as subjects for this 
investigation. The sam ple w as com prised of recreational athletes aged 23-33 
years w ith  a V 02m ax of a t least 45 m l kg  ̂m in  \  The subjects that 
vo lun teered  to participate in  this study  com pleted a University of M ontana 
IRB-approved inform ed consent form . H eight, w eight, percent body  fat, 
cycling VOg peak, and  cycling lactate threshold w ere determ ined before 
com pleting one, tw o-staged subm axim al cycling trial for the m ales an d  one, 
tw o-staged subm axim al cycling trial du ring  the m id follicular phase an d  one 
trial du ring  the m id-luteal phase for the females. The tw o exercise intensities 
for the two-stage subm axim al trials w ere  set at 70% an d  90% of the VO 2 a t the 
lactate threshold.
D escriptive D ata
Height, weight, age, menstrual status, and training habits
D ata w as collected to  determ ine the partic ipants height, w eight, age,
m enstruation  status, and  training habits. All fem ale subjects w ere asked to
3 2
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record  their days of m enses and  the ir m orning oral tem perature for tw o 
m onths p rio r to aU exercise trials on a p rov ided  calendar in  o rder to 
accurately pred ict the tim e of mid-foUicular and  m id-luteal phases. N one of 
the fem ales w ere using oral b irth  control during  the study.
Body com position
Body fat and  lean body  m ass w as assessed by hydrostatic w eighing at residual 
lung  volum e. Residual lung  volum e w as calculated using a H elium  dilu tion  
technique. Percent body  fat w as calculated from  body density using 
ag e /g en d e r specific equations (Lohman, 1992).
Exercise testing
For all m etabolic testing a TEEM 100 (A erosport Inc., A nn Arbor, MI) 
m etabolic system equipped  w ith  a m edium -flow  (10-120 1 m in  )̂ pneum otach  
w as used  to analyze expired concentrations of oxygen and  carbon dioxide and  
expired volum e. P rior to  each cycle test, the metabolic system  w as gas 
calibrated w ith  know n concentrations of and  COj. Flow rate w as calibrated 
using a 3 1 syringe before each exercise test according to  the m anufacturer 
(A erosport O perators M anual, 1993). H eart rate w as continuously m onitored  
using a telem etry chest strap  heéirt ra te  m onitor for all testing (Polar, Port 
W ashington, NY). AU cycling tests took place using the subject's bicycle fixed 
to a Schw inn Velodyne ergom eter for control of pow er ou tpu t.
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Peak V O 2 cycling test
D ata w ere collected every 20 seconds for VOj (I m in   ̂ and  ml kg  ̂m in  and 
RER. The w arm -up period  w as approxim ately five m inutes. The testing 
protocol began w ith  three 4-m inute steady-state stages of increasing pow er 
o u tpu ts  (males - lOOW, 175W, 250W; fem ales - 75W, 125W, 175W). 
Im m ediately after the th ird  stage, the pow er o u tp u t w as increased 25 W atts 
every m inu te until volitional exhaustion. The criteria for VOj peak  w as a 
p la teau  in  VOt o r a RER>1.1.
Lactate threshold test
In  o rder to appropriately  prescribe exercise intensities for the two-stage 
subm axim al exercise trial, a lactate threshold  test w as perform ed. Before the 
test, an  indw elling venous catheter w as placed in  an  antecubital vein  for 
b lood  sam pling during  exercise. The exercise protocol consisted of an  initial 
w orkload  (100 W  for males, 50 W  for females) for the first m inute follow ed by 
an  increase in  pow er o u tp u t of 25 W every m inute un til the females and  
m ales reached lOOW and  200W, respectively. The pow er o u tp u t w as 
increased 15 W every m inu te  thereafter un til ~90%VO2max. Blood (-1-2 ml) 
w as sam pled  during  the last 15 seconds of each 1-m inute stage. Five h u n d red  
^1 of b lood  w as im m ediately depro tein ized  in  1 m l of 7% perchloric acid and  
frozen a t -20^ C until determ ination  of b lood lactate by an  enzym atic assay 
(Lowry, 1971). Pow er o u tp u t a t lactate threshold  w as defined as the last 
w orkload  before a curvilinear increase in  p lasm a lactate concentration  w as
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observed. Three of the fem ales perform ed this test in  the lu teal phase first 
an d  tw o perform ed the test in  the follicular phase first. M enstrual phase has 
been  show n no t to affect the % V 02peak a t w hich the anaerobic threshold  
occurs (Dombovy et al., 1987).
Two-stage submaximal exercise trial w ith  6,6- ^H -glucose
Before the tw o-stage subm axim al test, an  indw elling teflon catheter (18-20
gauge) w as inserted  into an  antecubital vein of each arm . One catheter w as
used  to prim e the body  and  constantly infuse 6,6-^H-glucose in  0.45% saline.
A  60-ml syringe depressed by a H arvard  infusion p u m p  (Cam bridge Isotopes 
Laboratories, W obum , MA) w as used  to  infuse approxim ately 3.0 ^ m ol kg
^•min ̂  of 6,6-^H-glucose for the first 10 m inutes follow ed by 80 m inutes of 
constant infusion a t a rate of 0.42 fzmol kg  ̂m in  \  The catheter in  the 
contralateral arm  w as used  for b lood sam pling and  w as kept pa ten t w ith  a 
continuous saline drip . A fter the  80 m inutes of constant infusion to  obtain 
isotopic equilibrium , the subject cycled a t a pow er o u tp u t corresponding to 
~70% of the VO2  a t the ir lactate th reshold  for 25 m inutes im m ediately 
follow ed by 25 m inutes of cycling at ~90% of the VO 2 a t their lactate threshold.
Blood sam ples w ere taken before prim ing (to assess background 6,6-^H- 
glucose), 10 m inutes, 5 m inutes and  im m ediately before exercise for resting 
glucose kinetics, and  every 5 m inutes du ring  exercise for determ ination  of
6 ,6 -^ -g lucose , glucose, lactate, and  insulin  concentrations (Figure 3.1). 
Expired gases w ere m onitored during  the last 5 m inutes of each of the tw o
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stages for VO 2 and  RER using the m etabolic system  m entioned above. To 
reduce the possibility th a t test fam iliarity w ould  have an  effect on the 
m etabolic response, th ree of the five fem ale subjects perform ed the tw o-stage 
subm axim al test in  m id-follicular phase first an d  the o ther tw o females 
perform ed the test du ring  the m id-luteal phase first. Sut^ects w ere asked to 
refrain  from  eating 10 hours an d  exercising 36 hours p rio r to the tw o-stage 
subm axim al exercise trial. AU fem ale subjects w ere instructed  to eat a sim ilar 
d ie t before each of their tw o trials an d  aU subjects subm itted a tw o-day dietary 
record  before the tw o-stage subm axim al exercise trials. AU subjects ate a t least 
4 g  kg^ carbohydrate p er day.
Figure 3.1 Blood sam pling protocol for tw o-stage subm axim al exercise trial 
(m inu tes)
prim ing d ose  I ■ -constant infusion o f 6 ,6-^H -glucose-
3 .0/im ol/kg-m in 0.42/im ol /  kg-ntin
EXERCISE 
I 70% LT 1-------- -95%LT-
100 -90 -10 -5 0 5 10 15 20 2 5 30 35 4 0 4 5 50
G G G G G G G G G G G G G G
La La La La La
Ins Ins Ins
E2
1 SAMPLE VOLUMES (mL) 3 7 5 3 3 3 5 7 3 3 3 5 7
Total Sam pling V o lu m e= 6 0  m L
Abbreviations: G = glucose and 6,6-^H-gkic0se; La = plasma lactate; Ins = insulin; E2 = estradiol
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M etabo lite  and hormone assays  
Glucose and lactate assays
Plasm a from  the necessary b lood  sam ples for glucose and  lactate w ere 
obtained th rough  centrifugation of the clotted blood sam ples and  then  frozen 
a t -20°C. The supernatan t w as frozen a t -20 °C until determ ination of blood 
glucose an d  lactate concentrations. Glucose an d  lactate concentrations from  
the tw o-stage subm axim al trial w ere analyzed w ith  a blood glucose and  lactate 
analyzer (YSI, Yellow Springs, OH). AU sam ples w ere analyzed in  dupUcate.
H o rm o n es
Plasm a from  the necessary b lood  sam ples for horm one analysis w ere obtained 
th rough  centrifugation of the clotted blood sam ples and  th en  frozen a t -20®C. 
Insulin  (kit #TKIN2 - sensitivity of 1.5 jjJU /m L ) and  estradiol (kit #KE2D1 - 
sensitivity of 1.4 p g /m L ) w ere assayed for w ith  commerciaUy available double 
antibody radio-im m uno assay kits (Diagnostic P roducts Corp., Los Angeles, 
CA). AU sam ples w ere analyzed in  dupUcate.
Iso topic  enrichm ent
The ratio  of 6 ,6 -^ -g lu co se  to unlabeled glucose (isotopic enrichm ent) w as 
determ ined  by  form ing a pentaacetate derivative of glucose and  using a  gas- 
chrom atography m ass spectroscopy technique as described by WoUe (1992). In  
brief, the peak  abundances of ions m /e  200 for glucose, m /e  201 an d  m /e  202
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for 6,6-^H-glucose w ere m onitored  for calculating plasm a glucose 
enrichm ent. A H ew lett-Packard 5980 Plus gas chrom atograph-m ass 
spectrom eter w ith  a  packed colum n w as used  to  separate the pentaacetate 
derivative from  o ther organic com pounds. The pentaacetate derivative w as 
fragm ented  w ith  electron ionization of 70 keV an d  the ions of m ass 200, 201, 
and  202 w ere selectively m onitored  for abundances to calculate the 
enrichm ent of the  p lasm a glucose.
Calculation o f  glucose kinetics: Ra, Rd, glycogen and plasm a glucose 
u tiliza tio n
Glucose rates of appearance (Ra) and  disposal (Rd) from  the circulation w ere 
calculated w ith  the Steele (1959) equation  using non-steady state assum ptions 
du ring  the last 5 m inutes of the tw o exercise intensities.
Ra=F -(V O dE /d t
E
Rd=Ra-(V )dC /dT
w h ere
F is th e  ra te  of infusion of the isotope (ffmol kg  ̂m in  )̂,
V is the effective volum e of d istribu tion  for glucose (m l kg^), 
C  is the concentration of glucose (p m o l m l^).
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2
E is the  enrichm ent of glucose (6,6- H-glucose : glucose ratio),
d E /d T  is the instantaneous change in  enrichm ent at a given time,
d C /d X  is the in tan taneous change in  glucose concentration at a given time.
Exam ple calculations are  p rov ided  below:
Ra = (0.42 fimol kg  ̂m in   ̂ - 100 ml-kg"^ (4.44 j^m ol mT^) (-0.004/5 m in))/0.03 
= 25.8 /imol kg'^ min*^
Rd = 2 5 .8 //mol-kg'^-min'^ - 100 m l kg  ̂(-0.1 p.m ol m l V 5 min) = 27.8 
f^mol kg  ̂m in  ̂
The tim e series sm oothing technique of spline fitting w as used  to best 
approxim ate the change in  isotopic enrichm ent (dE / dt) and  change in  glucose 
concentration (d C /d t)  du ring  exercise. The relative contribution of b lood 
glucose to  total carbohydrate oxidation w as calculated using the average 
glucose Rd from  the last 5 m inutes of each exercise intensity as the ra te  of 
b lood glucose oxidation. The oxidation of Rd glucose is betw een  96-100% at 
50% V 02m ax (A. Jeukendrup, unpub lished  observation). The difference 
betw een  to ta l carbohydrate oxidation an d  Rd determ ined  the m inim al ra te  of 
in tram uscu lar glycogen oxidation. For the calculation of Ra, the effective 
volum e of d istribution  for glucose w as set a t 100 m l kg \
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Research design and s ta tis tica l procedures
The descrip tive variables VOj m ax (ml kg  ̂m in   ̂ an d  m l kg^LBW  m in^) and  
^V O ^m ax at lactate threshold  w ere analyzed w ith  independen t sam ple t-tests 
to com pare males an d  females. D ependent sam ple t-tests w ere used to 
analyze differences betw een  phases for single level factors (estradiol, body 
weight). All other dependen t variables w ere analyzed based on a series of a 
priori p lanned  com parisons (Table 3.1) (Shavelson, 1988). All p lanned 
com parisons w ere analyzed w ith  SuperA nova statistical package (Abacus Inc, 
Berkeley, CA). The level of significance w as set a t an  overall experim ental 
a lpha of 0.05.
T able 3.1. O utline of priori p lanned  com parisons
1) Blood m etabolites and  horm ones - com parison of follicular an d  lu teal 
phases at rest, 20-25, and  45-50 m inutes for the variables blood glucose, lactate, 
and  insulin. (3 level, w ith in  factor) FF vs FL p<0.033. (3 level, betw een  factor) 
M vs FF and M vs FL p<0.017.
2) Substrate selection - a) RER, % of total kcal from  carbohydrate, an d  % of 
total kcal from  fat using m ean  from  tim e po in ts 20 an d  25 m inutes of each 
exercise intensity. (2 level, w ith in  factor) FF vs. FL, p<0.025. (2 level, betw een  
factor) M  vs FF an d  M  vs FL pcO.013.
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3) Source of oxidized carbohydrates - % of total oxidized carbohydrates from 
in tram uscu lar glycogen and  % of to tal oxidized carbohydrates from  plasm a 
derived  glucose using the m ean from  tim e po in ts 20 an d  25 m inutes of each 
intensity. (2 level, w ith in  factor) FF vs. FL, p<0.025. (2 level, betw een factor) 
M  vs FF and  M  vs FL pxC.OlS.
Calculations for  Type I error
1) FF vs. FL, (3 level, w ith in  factor) p<0.033 because the P(Type I erro r)= l-(l-  
x)^^2 =0.05. x=0.033 for 3 com parisons (rest, low, high)
2) FF vs FL (2 level, w ithin  factor) p<0.025 because the P(Type I error)=l-(l-x)^ 
=0.05. x=0.025 for 2 com parisons.
3) M  vs FF and  M  vs FL (3 level, betw een  factor) p<0.017 because the P(Type I 
error)=l-(l-x)^^^=0.05. x=0.033 for 3 com parisons an d  since M  com pared twice 
(vs FF and  FL) P(Type I error)=l-(l-x)^ =0.033. x=0.017
4) M  vs FF and M  vs FL (2 level, betw een factor) p<0.013 because the P(Type I 
error)=l-(l-x)^=0.05. x=0.025 for 2 com parisons and  since M  com pared twice 
(vs FF and  FL) P(Type I error)=l-(l-x)^ =0.025. x=0.013.
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C hapter Four : R esults
Subject characteristics
All of the subjects (n = ll)  of this study except one female (cyclist) w ere 
recreational triathletes w ho h ad  partic ipated  in  at least one triath lon in the 
last 12 m onths and  w ere train ing for sw im m ing, cycling, and  runn ing  during  
the study. All expressions of cycle ergom eter m axim al oxygen consum ption 
(1 m in  ^ m l kg^ m i n m l  kg^ lean body  m ass ■ min*) w ere significantly 
greater in  the males (p<0.01). The males w ere taller (p<0.02) and  had  a low er 
body  fat percentage (p<0.02). W hile m axim al heart rate  and  the % VO^peak at 
the lactate threshold  w ere low er in  females these w ere no t significant (p=0.36, 
p=0.055, respectively). AU five fem ales used  in  the m ale versus luteal phase 
fem ale com parison w ere used  in  the m enstrual phase com parison. O ne of 
the five fem ales used  in  the  m ale versus m id-follicular com parison w as no t 
used  in  the m enstrual phase com parison because of a failed lu teal phase trial.
T able 4.1. Physical characteristics of m ales (n=5) an d  regularly  m enstruating  
females (n=5). Expressed as m ean ± standard  error.
MALES FEMALES
Age (years) 25.0 ± 2.0 24.0 ± 1.0
H eigh t (cm) 173.9 ± 1.8 165.3 ± 2.3*
Body M ass (kg) 68.0 ± 2.8 63.2 ± 3.4
Body Fat (%) 8.8 ± 1.4 16.4 ± 1.8*
M axim um  H eart Rate (b m in  *) 191 ± 4.2 186 ± 2.5
42
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V Ospeak (1 m in ') 4.20 ± 0.23 3.03 ± 0.14
VOgpeak (ml kg^ m in  ̂ ) 61.7 ± 1.3 48.6 + 1.3
* *
*  *
*  *VOgpeak (ml kg^ lean body m ass 67.4 ±1.3  58.0 ±1.2
■ m in^)
% V O jpeak @ lactate threshold  68.9 ± 2.6 62.1 ±1.5
H em atocrit 46.2 ± 2.5 39.6 ± 2.4* *
* *H em oglob in  14.3 ± 0.5 12.3 ± 0.6
*p<0.05, **p<0.01
The physical characteristics of the 5 regularly  m enstruating  fem ales exam ined 
in  the m id-follicular and  m id-to-late lu teal phases are presen ted  in Table 4.2. 
Four of the  five females used  in  the m enstrual com parison w ere used  in  the 
gender com parison com ponent of this study. All of the females w ere 
m enstruating  regularly  for a t least five m onths p rio r to the study and  none of 
the fem ales w ere using oral contraceptives du ring  the study  according to  the 
responses of the m enstrual h istory  questionnaire. Cyclical changes in  serum  
estradiol w ere u sed  to confirm  the presence of a changing horm onal m ilieu 
consistent w ith  a  m enstruating  female. A nticipated  rises in  oral tem peratu re  
w ere only confirm ed in  three of five subjects. Inadequate recording of 
m orn ing  oral tem perature w as m ost likely responsible for the lack of 
detection  in  the tw o females w ho discerned no  increase in  oral tem peratu re, 
because b o th  had  elevated estradiol levels du ring  the lu teal phase.
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Table 4 2 . Physical characteristics of m enstrual phase com parison subjects 
n=5. Expressed as m ean ± standard  error.
Age (years) 23.8± 1.1
H eigh t (cm) 162.9 ± 3.0
Body M ass (kg) 59.3 ± 4.2
Body Fat (%) 15.2 ± 1.5
M axim um  H eart Rate 184.4 ± 1.3
( t im in g
VO^peak (1/min) 2.87 ± 0.21
VO^peak (ml kg^ m in  ̂ ) 48.9 ±1.3
% V O jpeak ©lactate 60.1 ± 2.2
th resh o ld
Age at m enarche (years) 13.2 ± 0.2
Length  of m enstrual cycle 28 ± 0.5
(days)
Expression o f  exercise in tensity  during the two-stage subthreshold trial 
The p lanned  intensity  for the low  intensity w orkload  w as 70% of the VO^ at 
the lactate threshold (% VO^ @ LT) and  the h igh  in tensity  w as p lanned  for 
90% of the VO; a t the lactate threshold. There w ere  no  differences in  the % 
V O ; @ LT, HR, an d  the %HRmax du ring  the low  intensity  betw een  the m ales 
an d  the  follicular phase fem ales no r betw een  the m ales and  the lu teal phase
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females (Table 4.3). The luteal phase females tended to have lower heart rates
than the males during the low intensity workload but this was not significant.
Since the lactate threshold  of the m ales occurred at a higher percentage 
(p=0.055) of their VOj peak, the intensity w hen  expressed as % V02peak was 
significantly h igher for the m ales com pared to b o th  phases of the fem ales 
d u rin g  b o th  low  and  h igh  intensity  w orkloads.
T here w ere no significant differences in  %HRmax betw een  the males 
an d  b o th  phases of the females, a lthough du ring  the h igh  intensity w orkload, 
the lu teal phase females tended  to w ork  a t a low er %HRmax than  the m ales 
(p=0.019). The follicular fem ales w orked a t a significantly low er percent of 
their lactate threshold  (p=0.011) than  the m ales du ring  the high intensity 
w orkload. Any deviation from  the p lanned  intensity w as m ost likely due  to 
insufficient prediction  of the w atts  required  to elicit the appropriate oxygen 
consum ption  and electronic erro r of associated w ith  the cycle ergom eter. 
D uring  the high w orkload, the fem ales in  bo th  phases h ad  significantly low er 
heart rates than  the  males.
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Table 4.3. Workload intensities for the two-stage subthreshold trial gender
comparison. Expressed as mean ± standard error.
LoMLlnteasibc Ihgh-lntejsily
Intensitv Male-Lo Follic-Lo Lut-Lo Male-Hi Follic-Hi Lut-Hi
% VO, @LT 68.7 ± 0.9 67.3 ± 2.7 69.5 ± 2.2 90.1 ±1.1 83.9 ±1.7* 88.9 ±1.5
% VOjpeak 47.3 + 1.5 41.8 ± 1.6* 41.7 ±1.7* 62.2 ±2.6 52.0 ±1.1** 53.5 ±2.3**
HR 129 ±5.0 124 ± 5.9 119.9 ±2.4 158 ±6.8 149 ± 5.3* 142.7 ± 2.4*
%HRmax 67.5 ± 1.3 66.8 ± 3.1 65.0 ± 1.5 82.4 ±2.5 80.0 ±2.8 77.5 ±1.2
D ifferent from  m ales *p<0.013 (ct=0.05). **p<0.01
There w ere no  significant differences in  oxygen consum ption betw een the 
follicular and  luteal phases at the low  and  h igh w orkloads (Table 4.4), 
although the luteal h igh  w orkload tended  to be h igher (p=0.07). H ow ever, 
heart ra te  w as significantly low er a t the higher w orkload during  the luteal 
phase.
Table 4.4. W orkload intensities for the tw o-stage subthreshold  trial 
m enstrual phase com parison. Expressed as m ean  ± standard  error.
intensity High JntftMity
iM im siin. Follic-Lo LnLLa Follic-Hi Lut-Hi
% VO2 @LT 69.8 ± 2.4 69.5 ± 2.2 85.3 ± 2.1 88.9 ± 1.5
% VO^peak 41.8 ±1.6 41.7 ± 1.7 51.1 ± 1.3 53.5 ± 2.3
HR 121.6 ±4.7 119.9 ±2.4 146.1 ±4.4 142.7 ±2.4*
%HRmax 66.0 ± 2.9 65.0 ±1.5 79.3 ± 2.7 77.5 ±1.2**
D ifferent from  follicular *p<0.025 (a=0.05), **p<0.01
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Indirect calorimetry and substrate oxidation
A ccording to respiratory  exchange ratios (RER), there w ere no significant 
differences in  the percentage of calories derived  from  carbohydrate and  fat 
oxidation betw een  the m ales and  the females (Table 4.5). H ow ever, the 
percentage of fat oxidized w as greater in  the lu teal phase females than  m ales 
an d  the percentage of calories derived from  carbohydrate w ere lower, b u t this 
d id  no t reach statistical significance (p=0.025 > 0.013 (ot=0.05)).
T able 4.5. C arbohydrate and  fat oxidation du ring  the tw o-stage subthreshold 
trial gender com parison. Expressed as m ean ± standard  error.
L ow  Intensitv H igh Intensity
M ale-L o F ollic-L o Lut-Lo M ale-H i Follic-H i Lut-Hi
RER 0 .819  ± 0 .0 1 0  0.826 ± 0.018 0.830 ± 0.021 0 .851 ± 0.004 0.861 ± 0.018 0.837 ± 0.021
%CHO 40.5 ± 3.4 42.7 ± 6 . 4  44.1 ±  7.3 51 .6  ± 1 . 5  55.4 ± 5.9 46.7 ± 6.9
%FAT 59.5 ± 3 . 4  57.3 ± 6 .4  55.9 ± 7.3 48.4 ± 1 . 5  44.6 ± 5.9 53.3 ± 6.9
Rates of carbohydrate and  fat oxidation, and  the percentage of calories derived  
from  carbohydrate and  fat at the low er w orkload w ere sim ilar du ring  the 
follicular an d  luteal phases (Table 4.6). A t the h igher w orkload, how ever, fat 
oxidation (g FA T /m in) w as increased significantly by 21% in  the luteal phase 
com pared  to  the follicular phase an d  the percentage of calories derived  from  
fat (53.3% vs. 44.7%) w ere higher du ring  the lu teal phase. C orrespondingly, 
carbohydrate oxidation (g C H O /m in) w as reduced  by  10% during  the h igh  
w ork load  of the lu teal phase and  the percentage of calories derived  from  
carbohydrates w as low er in  the lu teal phase (46.7% vs 55.3%).
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Table 4.6. Carbohydrate and fat oxidation during the two-stage subthreshold
trial menstrual phase comparison. Expressed as mean ± standard error.
Low Intensity High Intensity
RER
%CHO
%FAT
g CHO/min
gFAT/min
kcal/min
Follic-Lo 
0.831 ± 0.015
44.6 ± 5.1 
55.4 ±5.1 
0.70 ± 0.12 
0.33 ± 0.02 
5.74 ± 0.42
Lut-Lo 
0.830 ± 0.021 
44.1 ± 7.3 
55.9 ± 7.3 
0.69 ± 0.14 
0.33 ± 0.03 
5.71 ± 0.38
Follic-Hi 
0.863 ± 0.018
55.3 ±6.0
44.7 ± 6.0 
1.08 ±0.20 
0.33 ± 0.03 
7.10 ± 0.58
Lut-Hi 
0.837 ± 0.021*
46.7 ± 6.9*
53.3 ± 6.9* 
0.97 ± 0.22* 
0.40 ± 0.03* 
7.39 ± 0.67
D ifferent from  follicular *p<0.025 (ot=0.05)
Plasma glucose concentrations
There w ere no  significant differences in  glucose concentrations (Table 4.7) 
betw een  the m ales an d  females, a lthough  glucose concentrations tended  to be 
h igher in  the lu teal and  follicular fem ales (4.39 and  4.32 mM , respectively) 
com pared to the m ales (3.94 mM) at the low  intensity (p=0.075 and  p=0.043 > 
0.017 (ot=0.05), respectively). Glucose concentrations w ere slightly b u t 
significantly low er (~0.13 mM ) in  the lu teal phase du ring  rest, low  intensity, 
and  high intensity w orkloads (Table 4.8).
T able 4.7. Glucose concentrations during  the tw o-stage subthreshold  trial 
gender com parison. Expressed as m ean ± s tandard  error.
Rest
Low
High
Males 
4.19 ± 0.20 
3.94 ± 0.33 
4.49 ± 0.21
Follicular 
4.23 ± 0.09 
4.32 ± 0.15 
4.49 ± 0.12
Luteal 
4.42 ± 0.10 
4.39 ± 0.15 
4.50 ± 0.16
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Table 4.8. Glucose concentrations (mM) during the two-stage subthreshold
trial menstrual phase comparison. Expressed as mean ± standard error.
Follicular Luteal
Rest 4.28 ± 0.08 4.42 ± 0.10*
Low 4.23 ± 0.17 4.39 ± 0.15* *
High 4.38 ±0.16 4.50 ±0.16*
D ifferent from  follicular *p<0.033 (ot=0.05), **p<0.01 
Plasma glucose kinetics
O nly th ree of the five lu teal trials u sed  for all o ther gender com parisons w ere 
available for com parison of plasm a glucose kinetics because of im plausible 
results from  gas chrom atography-m ass spectrom etry analysis. Since there w as 
a significant difference in  body  com position (i.e., body fat percentage), the 
glucose rates of appearance (Ra) an d  disappearance (Rd) w ere expressed and  
com pared  as u m o l/k g /m in  and  u m o l/k g  lean body m ass/m in . Glucose 
concentrations w ere stable a t rest in  aU subjects, therefore glucose rates of 
appearance and d isappearance (i.e., glucose turnover) into and  ou t of the 
circulation w ere equal (i.e., Ra=Rd a t rest). D uring  rest an d  the  low  intensity 
w orkload, there w ere no  differences in  the glucose Ra o r Rd betw een  the 
m ales an d  females regardless o f the units used  to  express the kinetics (Tables 
4.9-4.13).
A t the high intensity  w orkload, Ra (u m o l/k g /m m ) tended  to be low er 
(24.0 vs. 30.0) in  the follicular fem ales (p=0.026 > 0.017 (ot=0.05) (Table 4.9)) 
versus the males. H ow ever, w hen  expressed as Ra (u m o l/k g  lean body 
m ass/m in ) follicular fem ales w ere sim ilar to m ales (28.8 vs. 32.9, p=0.16)
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(Table 10). Rd (\im o l/k g /n ü n ) also tended  to be low er (25.4 vs. 29.8) in the 
foUicular females (p=0.056 > 0.017 (oi=0.05)) (Table 4.11), b u t w hen Rd w as 
expressed as u m o l/k g  lean body m ass/m in  follicular fem ales and m ales w ere 
sim ilar (30.4 vs. 32.7 (Table 4.12)). A t the h igh  intensity, regardless of the units 
used  to express glucose turnover, the lu teal phase fem ales h ad  significantly 
low er rates of glucose tu rnover com pared to  the males (Tables 4.9-4.13).
Table 4.9. Glucose rates of appearance (Ra) in to  the circulation 
(u m o l/k g /m in ) du ring  the tw o-stage subthreshold  trial gender com parison. 
n=5 m ales, n=5 follicular females, n=3 lu teal females. Expressed as m ean ± 
standard  error.
M ales F ollicu lar Luteal
Rest 12.1 ±0.2  12.9 ±0 .6  12.5 ±0.2
Low 19.3 ±1.9  17.1 ±1 .7  16.6 ±1.3
H ig h  30.0 ± 3.7 24.0 ± 2 .7  20.0 ±3.2**
D ifferent from  m ales *p<0.017 (a=0.05), **p<0.01
Table 4.10. Glucose rates of appearance (Ra) in to  the circulation (um ol/kg  
lean body  m ass/m in ) du ring  the tw o-stage subthreshold  trial gender 
com parison. n=5 m ales, n=5 foUicular females, n=3 lu teal females. Expressed 
as m ean  ± standard  error.
M ales F o llicu lar Luteal
R est 13.4 ± 0.4 15.4 ± 0.5 14.7 ± 0.2
Low 21.1 ±1.9  20.5 ±2 .0  19.5 ±1.5
H igh  32.9 ± 3.9 28.8 ± 3.4 23.5 ± 3.9*
D ifferent from  m ales *p<0.017 (ot=0.05)
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T able 4.11. Glucose rates of d isappearance (Rd) ou t of the circulation 
(u m o l/k g /m in )  du ring  the tw o-stage subthreshold  trial gender com parison. 
n=5 m ales, n=5 follicular females, n=3 luteal females. Expressed as m ean  ± 
standard  error.
M ales Follicu lar Luteal
R est 12.1 ± 0.2 12.9 ± 0.6 12.5 ± 0.2
Low 17.9 ±1.7 16.3 ±1 .4  15.8 ±1.2
H igh  29.8 ±3.3 25.4 ±2 .6  19.4 ±6.5**
D ifferent from  m ales *p<0.017 (ot=0.05), **p<0.01
T able 4.12. Glucose rates of d isappearance (Rd) (um ol/kg  lean body 
m ass/m in ) du ring  the tw o-stage subthreshold  trial gender com parison. n=5 
m ales, n=5 follicular females, n=3 lu teal females. Expressed as m ean ± 
standard  error.
M ales F ollicu lar L uteal
Rest 13.4 ± 0.4 15.4 ± 0.5 14.7 ± 0.2
Low 19.6 ±1.7  19.5 ± 1 .7  18.6 ±1.6
H ig h  32.7 ±3.5 30.4 ±3.1 22.7 ±4.2**
D ifferent from  m ales *p<0.017 («=0.05), **p<0.01
Table 4.13. Glucose rates of clearance (Rc) (m l/k g /m in ) during  the tw o-stage 
subthreshold  trial gender com parison. n=5 m ales, n=5 follicular females, n=3 
lu teal females. Expressed as m ean ± standard  error.
M ales F o llicu lar Luteal
Rest 2.92 ±0.14 3.05 ±0.11 2.73 ±0.05
Low 4.67 ± 0.60 3.81 ±0.46 3.45 ±0.36
H igh  6.82 ±1.04 5.72 ±0.71 4.18 ±0.95**
D ifferent from  m ales *p<0.017 («=0.05), **p<0.01
For the glucose kinetics m enstrual phase com parison, d a ta  from  only 4 of the  
5 fem ales w ere available due  to  im plausible results obtained  from  gas
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chrom atography m ass spectrom etry analysis. D uring  rest and  the low  
w orkload, there w ere no differences in  glucose kinetics betw een  the luteal 
an d  follicular phases. A t the h igh  w orkload  there w ere no differences in  Ra 
(u m o l/k g /m in ) betw een  foUicular and  lu teal phases (Figure 4.1). H ow ever, 
Rd an d  clearance (Rc = R d/[glucose]) w ere significantly low er during  the high 
w orkload of the lu teal phase (Figures 4.2 and  4.3).
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Figure 4.1. Glucose rates of appearance (Ra) in to  the  circulation du ring  the 
tw o-stage subthreshold  trial m enstrual phase com parison. Expressed as m ean  
± standard  error.
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Figure 4.2. Glucose rates of d isappearance (Rd) o u t of the circulation during  
the  tw o-stage subthreshold  trial m enstrual phase com parison. Expressed as 
m ean  ± standard  error. *p<0,033 (ot=0.05)
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Figure 4.3. Glucose clearance ra te  (Rc) du ring  the tw o-stage subthreshold  trial 
m enstrual phase com parison. Expressed as m ean  ± standard  error. **p<0.01
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Plasma lactate concentrations
There w ere no  differences in  p lasm a lactate concentrations betw een  m ales 
an d  either the follicular or luteal phase fem ales du ring  rest and  the low 
in tensity  (Table 4.14). H ow ever, at the h igh  w orkload, males h ad  significantly 
h igher p lasm a lactate concentrations th an  b o th  phases of the females.
T able 4.14. Plasm a lactate concentrations (mM) during  the two-stage 
subthreshold  trial gender com parison. Expressed as m ean  ± standard  error.
Males Follicular Luteal
Rest 1.52 ±0.14 1.51 ±0.19 1.22 ±0.10
Low 2.04 ± 0.24 2.26 ±0.12 1.68 ±0.14
High 4.32 ± 0.67 3.24 ± 0.34* 2.48 ±0.41*
D ifferent from  m ales *p<0.017 (ot=0.05)
There w ere no  differences in  plasm a lactate accum ulation during  rest and  the 
low  intensity  betw een the follicular and  lu teal phases (Table 4.15). A t the 
h igh  w orkload, there w as a  greater plasm a lactate concentration du ring  the 
follicular phase (p<0.017).
Table 4.15. Plasm a lactate concentrations (mM) du ring  the tw o-stage 
subthreshold  trial m enstrual phase com parison. Expressed as m ean  ± 
standard  error.
Follicular Luteal
Rest 1.49 ± 0.20 1.22 ± 0.10
Low 2.01 ± 0.15 1.68 ± 0.14
High 3.08 ± 0.39 2.48 ± 0.41*
D ifferent from  foUicular *p<0.033 (oc=0.05)
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In su lin
The lu teal phase fem ales h ad  significantly h igher insulin  
concentrations th an  m ales du ring  rest, low  an d  h igh w orkloads (Table 4.16). 
The follicular fem ales h ad  significantly h igher insulin  concentrations du ring  
rest an d  a t the h igh  w orkloads, w hile insulin  tended  to be higher during  the 
low  w orkload (3.88 vs 4.72 |4,IU/ml, p=0.023>0.017 (oi=0.05)).
T here w ere no significant differences in  p lasm a insulin concen tra tions 
betw een  follicular an d  lu teal phases (Table 4.17), a lthough insulin tended  to 
be low er at the high intensity du ring  the lu teal phase (4.11 vs 4.73 p .IU /m l, 
p=0.089>0.033 (a=0.05)).
Table 4.16. Insulin  concentrations (p lU /m l) during  the tw o-stage 
subthreshold  trial gender com parison. Expressed as m ean ± standard  error.
Males Follicular Luteal
Rest 4.19±0.42 5.45 ±0.61 5.17 ±0.33
Low 3.88 ±0.51 4.72 ± 0.32 4.72 ± 0.16
High 3.49 ±0.39 4.95 ±0.36 4.11 ± 0.52
Table 4.17. Insulin  concentrations (p,IU/ml) du ring  the tw o-stage 
subthreshold  trial m enstrual phase com parison. Expressed as m ean  ± 
standard  error.
Follicular Luteal
Rest 5.22 ± 0.63 5.07 ±0.16
Low 4.47 ± 0.37 4.72 ± 0.16
High 4.73 ± 0.53 4.11 ± 0.52
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Estimation o f  plasma glucose, muscle glycogen, and fa t  to total substrate  
o x id a tio n
W hile the foUicular phase fem ales tended  to  contribute m ore of their 
b lood glucose to total carbohydrate oxidation (Table 4.18) there w ere no 
significant differences betw een  m ales an d  foUicular fem ales a t either 
intensity, no r betw een  m ales an d  lu teal phase females. H ow ever, w hen 
expressed as contribution of p lasm a glucose to total kilocalories, the foUicular 
fem ales depended  m ore on  plasm a glucose a t low  and  high w orkloads (8.8 vs 
11.7 %, 11.0 vs 14.2%, respectively, pxO.Ol for bo th  w orkloads) (Figure 4.4). 
There w ere no significant differences betw een  luteal phase females and  males 
in  the contribution of plasm a glucose to total kilocalories.
Table 4.18. Percentage of b lood glucose contribution to  total carbohydrate 
oxidation. Expressed as m ean  ± standard  error.
Males Follicular Luteal
Low 22.3 ± 2.8 29.2 ± 4.8 24.4 ± 3.5
High 21.5 ±2.5 26.4 + 2.8 21.6 ±4.2
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Figure 4.4. Relative contributions of fat, b lood glucose, and  m uscle glycogen 
to to tal substrate oxidation during  the h igh  w orkload gender phase 
com parison. Blood glucose contribution to to tal energy expenditure is greater 
in  follicular fem ales (p<0.01).
Plasm a glucose contributed  37% of the to tal carbohydrate oxidized 
d u rin g  the luteal phase and  33% during  the foUicular phase a t bo th  intensities 
(Figure 4.5). M uscle glycogen oxidation conversely contributed 63% an d  67% 
to to tal carbohydrate oxidation, respectively. There w ere no  significant 
differences betw een  phases in  the percent contributions. W hen expressed as 
the percent contribution of plasm a glucose to to tal kilocalories expended, 
p lasm a glucose du ring  the follicular phase contribu ted  slightly m ore to 
energy expenditure th an  du ring  the lu teal phase at h igh  w orkload (16.4% vs 
14.2%, p=0,032>0.025 (ot=0.05)). There w ere no  significant differences in  
m uscle glycogen oxidation betw een  follicular an d  lu teal phases (2.66 vs 2.54 
k ca l/m in , a t the h igh  w orkload, respectively, p=0,38), nor w as there a 
difference a t the low  w orkload (1.67 vs 1.75 kca l/m in , p=0.55).
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Figure 4.5. Relative contributions of fat, b lood glucose, and  m uscle glycogen 
to  to tal substrate oxidation during  the h igh  w orkload m enstrual phase 
com parison. Blood glucose u tilization is h igher in  follicular phase (p<0.023).
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Chapter Five : Discussion
The purpose of this study  w as to com pare carbohydrate and fat 
m etabolism  in  m ales and  fem ales du ring  exercise below  their respective 
lactate thresholds. A secondary purpose of this study  w as to  determ ine if 
fem ales m etabolize carbohydrate and  fat sim ilarly during  the follicular and  
lu teal phases of the m enstrual cycle. The subjects w ere studied  w hile 
w orking a t exercise intensities (~70%LT and  ~90%LT) below  the lactate 
threshold  for tw o purposes: 1) to  insure tha t the respiratory  exchange ratio 
(e.g., VCO 2 ) represented tissue CO 2 p roduction  an d  w as no t influenced by acid 
buffering by  bicarbonate pools, and  2) to  m aintain  the potential effects of 
reproductive horm ones on  the glucoregulation capacity of pancreatic 
horm ones. A t h igher intensities (e.g., above LT), the pancreatic horm ones 
apparen tly  play little role in  controlling rates of hepatic glucose production  
and  the factors tha t control glucose p roduction  at h igh  intensities rem ain  
unidentified  (Coggan et al., 1997).
Substrate oxidation in males and females
The results of this study  suggest tha t conclusions about gender 
differences in  substrate oxidation d ep en d  u p o n  the exercise intensity  and  the 
m enstrual phase du ring  w hich the com parison fem ales are tested. The 
decision to  com pare m ales and  fem ales w ith  respect to their lactate th reshold  
instead  of the m ore trad itional approach  of selecting exercise intensities w ith
59
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respect to w as based  on  the observation tha t the lactate threshold is a
be tte r m easure or p red ictor of substrate oxidation. Subjects w ith  the sam e 
V a n d  different thresholds can have vastly d ifferent rates of carbohydrate 
and  fat oxidation during  m oderate intensity exercise (Coggan et al, 1992). 
Kanaley e t al (1995) has dem onstrated  tha t m oderately  trained  runners and  
m ara th o n  runners w ith  significantly d ifferent values of 52 and  65
m l/k g /m in  have sim ilar resp iratory  exchange ratios (RER) at intensities just 
above an d  below  their respective lactate threshold. Similarly, Pereira & 
F reedson (1997) have dem onstrated  th a t trained  runners an d  m oderately 
tra ined  runners (69 and  58 m l/k g /m in , respectively) have sim ilar RER 
values a t ~88% of the VOj at the lactate threshold. D ue to the apparen t 
association of the lactate threshold  w ith  substrate oxidation (i.e., RER), this 
study  w as designed to have m ales and  fem ales exercise at intensities relative 
to  their respective lactate thesholds to m inim ize betw een  subject variability 
and  m axim ize statistical pow er.
The m ales an d  follicular females of this study  oxidized sim ilar 
p roportions of fat and  carbohydrate a t b o th  intensities exam ined in  this study. 
These results are in  contrast to the findings of Froberg & Pedersen  (1984), 
Jansson (1986), Tam opolsky et al (1990), and  Tam opolsky et al (1995), b u t are 
in  accord w ith  the results of CostiU et al (1977), W allace et al, an d  M endenhall 
e t al (1995). The studies tha t w ere in  conflict w ith  the results of this study  d id  
n o t control for the lactate threshold  an d  the explanation for the increased fat
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
oxidation in  the fem ale subjects m ay have been  d u e  to a greater level of 
m etabolic fitness (i.e., h igher lactate threshold).
The discrepancy betw een  these results and  Tam opolsky et al (1990) w ho 
controlled for d iet m ay have been  d u e  to the effect of the m acrocom position 
of the p re  exercise trial diets. A side from  the 10 h ou r fast before aU trials, the 
d ie t of the subjects w as no t controlled. The m ales tended  to consum e m ore 
kilocalories relative to body  w eight (45 vs 29 kcal p er kg, p=0.06). H ow ever, 
the percentage of calories derived  from  carbohydrates w as significantly greater 
in  the fem ales (73 vs 54%, p<0.01) and  consequently there w ere no differences 
in  carbohydrate intake (5.8 vs 6.2 g /k g , females vs males p>0.6) betw een males 
an d  females. Interestingly, Tam opolsky et al (1995) dem onstrated  tha t 
follicular females w ho increased their carbohydrate intake from  ~55% to 
~75% of total kilocalories ingested  h ad  no  significant effects on  m uscle 
glycogen concentration or utilization during  exercise. Lam bert et al (1994) 
dem onstrated  that a  h igh  fat d ie t (70% fat, 7% carbohydrate) com pared to a 
low  fat d iet (74% carbohydrates, 12% fat) significantly reduces RER values 
du ring  m oderate intensity exercise. These are extrem e diets and  w hether the 
differing d iets betw een  the m ales an d  fem ales in  the p resen t investigation 
affected RER values rem ains unknow n. If the com position of the d ie t d id  
indeed  favor an  increased carbohydrate oxidation in  the females, this w ould  
explain the  disparity  betw een  the results of Tam opolsky et al (1990 an d  1995) 
an d  the  p resen t m ale vs. follicular com parison. H ow ever, the differences in  
d iets betw een  the m ales and  the lu teal fem ales im proves th e  likelihood tha t
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lu teal phase fem ales oxidize proportionally  less carbohydrate than  males, 
since there is decreased carbohydrate oxidation (p=0.025 > 0.017 (a=0.05)) in 
the lu teal fem ales even though  they consum ed a greater p roportion  of their 
kilocalories as carbohydrates. F u ture gender com parison studies should  
control for th e  m acrocom position of the d ie t to elim inate this speculation.
Gender comparison o f  blood glucose production (Ra)and utilization (Rd)
D uring rest an d  the low  intensity w orkload there w ere no differences 
betw een  m ales and  females in  glucose rates of appearance (Ra) or rates of 
d isappearance (Rd). A t the h igh  w orkload the conclusion about gender 
differences in  glucose Ra an d  Rd depends upon  tw o factors 1) the units used 
to  express these param eters and , 2) the m enstrual phase of the females.
W hile Ra and  Rd (u m o l/k g /m in ) appeared  to be low er in  the follicular 
females, w hen  expressed relative to lean  body m ass (i.e., p m o l/k g  LBM /m in), 
the m ales and  foUicular fem ales w ere similar. Since glucose up take by the 
adipose tissue during  exercise is m ost Ukely negligible com pared to the 
glucose Rd of active skeletal m usculature, excluding adipose tissue likely 
p rovides a better represen tation  of the glucose k inetiœ  in  tw o groups w ho are 
significantly d ifferent in  body com position. Since the foUicular fem ales h ad  
sim ilar rates of glucose u tilization  (Rd) com pared  to  the m ales and  the ir 
absolute w orkload (e.g., to tal kilocalories expended) w as lower, they relied 
significantly m ore on  blood glucose for their to tal energy expenditure a t bo th  
the low  an d  the h igh  w orkloads (11.5% vs 8.8% an d  14.2% vs 11.0%,
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respectively, p<0.001). The follicular females also tended  to have greater 
relative contributions of b lood glucose to total carbohydrate oxidation a t the 
low  and  h igh  w orkloads (29.2% vs 22.3%, p=0.07 and  26.4% vs 21.5%, p=0.17, 
respectively). This finding is in  agreem ent w ith  the only o ther study  tha t has 
com pared m ales and  follicular fem ales w ith  glucose stable isotope tracers 
(M endenhall et al., 1995). They determ ined  that b lood glucose contributed a 
h igher percentage to  total carbohydrate oxidation than  in  m ales (28 vs 20%, 
pcO.OOl). Conversely, m uscle glycogen contribution to total carbohydrate 
oxidation w as less in  females (72 vs 80%, p<0.001). They speculated tha t the 
tw o fo ld  greater ep inephrine levels observed in  their m ale subjects w ere 
responsible for the g reater contribution of m uscle glycogen to total 
carbohydrate oxidation. Since epinephrine concentrations w ere no t 
m easu red  in  the p resen t investigation, conclusions about this m echanism  
cannot be  established.
Regardless of the un its used  to express glucose kinetics, lu teal fem ales 
dem onstrated  suppressed  glucose Ra and  Rd com pared to the males. M ales 
an d  lu teal females contribute sim ilar p roportions of their m uscle glycogen 
an d  b lood glucose to total carbohydrate oxidation. H ow ever, as there w ere 
only 3 lu teal fem ales available for these com parisons, conclusions abou t 
m ales an d  lu teal fem ales are tenuous a t this point.
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Gender comparison o f  insulin, glucose, and lactate
In  agreem ent w ith  Tam opolsky et al (1990), m ales had  low er insulin  
concentrations du ring  rest, low, and  h igh  w orkloads regardless of m enstrual 
phase. It m ay be possible tha t this decreased insulin  concentration w as due  to 
g reater m ale epinephrine levels as determ ined by  Tam opolsky et al (1990), 
M endenhall et al (1995), G raham  e t al (1986), and  N ygaard  (1981) and  
suggested by significantly greater lactate concentration (4.3 vs 3.2 mM  
follicular, vs 2.5 m M  luteal, p<0.01) in  the m ales at the h igh  w orkload.
D espite the differences in  insulin  concentrations, there w ere no differences 
betw een  m ales an d  fem ales in  glucose concentrations w hich is in  agreem ent 
w ith  Jansson (1986) w ho exercised m ales and  fem ales for 25 m inutes at 65% 
VOjinax- W hüe Tam opolsky et al (1990) observed low er blood glucose 
concentrations in  m ales, it is possible tha t the m ales of tha t study  had  low er 
lactate thresholds and  an  associated greater glucose Rd (Coggan et al., 1992).
Substrate oxidation across the menstrual cycle
The prim ary  finding from  this com ponent of the study  is tha t 
carbohydrate oxidation is decreased and  fat oxidation is increased during  the 
lu teal phase of the m enstrual cycle w hich is in  agreem ent w ith  H ackney et al.
(1994) an d  Dom bovy e t al. (1987), and  suggested by  others da ta  (H irata e t al., 
1986). Hackney et al. used respiratory  exchange ratio  (RER) and  VOg to 
m easure carbohydrate and  fat oxidation (@35%, 60%, 75% VO^ma*) du rin g  the 
m idfoUicular and  m idlu teal phases in  9 w om en w ith  a m ean  VO^^ax of 46.0
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m l /k g /m in  during  treadm ill running . A t b o th  35% an d  60% the
m ean  RER w as significantly low er du ring  the lu teal phase and  thus 
carbohydrate oxidation w as reduced and  fat oxidation increased during  the 
lu teal phase. W hile there w as no statistical difference in  carbohydrate o r fat 
oxidation, RER w as still slightly h igher du ring  follicular phase at 75%
H ackney et al (1994) concluded tha t exercise at 75% requires
predom inantly  carbohydrate regardless of phase. D om bovy et al., also 
observed decreases in  RER du ring  an  increm ental VOz^ax test in  the lu teal 
phase. H ow ever, in  accord w ith  the results of the curren t study, there w ere 
no differences in RER a t the low er w orkloads (40-50% V 02peak) b u t 
differences in  RER a t intensities above 67%
In agreem ent w ith  o u r results and  D om bovy et al (1987), H irata  et al 
(1986) also determ ined  th a t in  fem ales w ith  sim ilar VOz^ax values to  ou r 
subjects, exercise at 40% VOg^ax (i e., also the low  w orkload of the p resen t 
investigation) elicited sim ilar m ean  RER values du ring  follicular and  lu teal 
phases (0.788 vs 0.783, respectively) w hile at 70%VO2max their m ean RER w as 
low er du ring  the lu teal phase (0.849 to  0.827, respectively, p>0.05) although 
no t statistically lower. This discrepancy in  statistical resu lts betw een  their 
study  and  the  presen t investigation m ay be explained by  the statistics used  to 
com pare the phase responses. H irata  e t al (1987) used  a statistical paired  t-test 
to detect differences w hile in  this study  the m ore pow erfu l a priori p lanned  
com parison w as used  to detect differences. Kanaley et al (1992) an d  N icklas et 
al (1989) also concluded th a t there w ere n o  differences in  substrate oxidation
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betw een  follicular and  luteal phases. The subjects of Kanaley et al (1992) w ere 
of g reater aerobic fitness th an  the subjects of the curren t investigation (48 vs. 
57 m l/k g /m in  VOj^ax)/ still h ad  consistently (how ever p>0.05) low er RER 
values for 90 m inutes of exercise in  the lu teal phase. The subjects of Nicklas 
et al (1989) had  significantly low er RER values during  the luteal phase a t rest 
(0.86 to  0.71, p<0.05) b u t du ring  90 m inutes of exercise at the relatively high 
in tensity  of 70% VO^^ax there w ere no apparen t differences.
M enstrual phase and blood glucose utiliza tion
W hile previous m enstrual phase stud ies have relied  exclusively on 
RER to  determ ine substrate oxidation, this is the first study  to  have stud ied  
blood glucose up take du ring  exercise across the m enstrual cyde. In accord 
w ith  the 10% decrease in  carbohydrate oxidation (RER and  VOj) du ring  the 
lu teal phase, there w as a concom itant 11% decrease in  glucose up take from  
the circulation. A ssum ing tha t 100% of the glucose Rd is oxidized at 50% 
VOamax (A. Jeukendrup, unpub lished  observations) and  m enstrual phase does 
n o t affect the proportion  of Rd tha t is oxidized, glycogen utilization m u st 
have also been  decreased by  a sim ilar percentage during  the luteal phase.
Ruby et al. (1997) also observed a decrease in  glucose R d in  
am enorrheics treated  w ith  estradiol. In  contrast to th is study, there  w ere  no  
significant differences in  total carbohydrate or fat oxidation as determ ined  by 
RER. They also determ ined  a low er glucose Ra w hich  they a ttribu ted  to the 
suppressive effect of estradiol on  gluconeogenesis previously  dem onstra ted
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in  ra ts  (Ahm ed & Bailey, 1981; Sladek et al., 1974). The differences in  the Ra 
an d  RER responses betw een  Ruby et al (1997) and  the curren t investigation 
are m ost likely due  to the low  levels of circulating progesterone in 
am enorrheics. Indeed, progesterone is know n to antagonize estradiol 
suppression  of gluconeogenesis (A hm ed & Bailey, 1974) and  estradiol 
prom otes fat oxidation in  rats (H atta et al, 1990). As suggested by Reinke et al 
(1972) an d  Bisdee et al (1988) the ratio  of estradiol to progesterone m ay be the 
m ost im portan t variable for dictating the m etabolic response. Since this study  
d id  no t investigate the level of circulating progesterone, no  conclusions about 
this ra tio  can be m ade.
The decrease in  the glucose up take (Rd) du ring  the lu teal phase a t the 
h igher w orkload  m ay have been  d u e  to  the associated decrease in insulin  
concentration (p=0.09) an d  or decreased insulin  sensitivity du ring  the lu teal 
phase (Diam ond et al., 1989; E lkind-H irsch e t al., 1993). As insulin  facilitates 
Rd du ring  exercise (Gao et al, 1994) decreased insulin  concentration and  or 
action m ay in  p a rt explain the decreased glucose Rd a t the higher w orkload 
during  the luteal phase.
The greater lactate concentration in  the follicular phase is also in  accord 
w ith  the greater carbohydrate oxidation and  glucose Rd observed du rin g  the 
follicular phase. M cCracken et al. (1994) also repo rted  tha t the lactate du ring  
recovery from  -3 0  rninutes of exhaustive exercise w as h igher (8.7 vs. 5.4 mM , 
p<0.05) d u rin g  the foUicular phase. Since Jurkow ski e t al. (1981) determ ined  
th a t there w ere no  differences in  the clearance of lactate betw een  phases
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during  exercise, the increased lactate concentration a t the h igh  w orkload 
du ring  the follicular phase w as m ost likely d u e  to a greater glycolytic flux and  
n o t d u e  to  reduced  lactate rem oval
It is possible th a t the shift from  carbohydrate oxidation to fat oxidation 
du ring  the luteal phase w as d u e  to an  increase in  free fatty  acid (FFA) 
availability. Reinke et al (1972) observed tha t resting FF A levels w ere 
significantly h igher du ring  the m id  lu teal phase com pared  to the follicular 
an d  ovulation  phases. E levated estradiol (178 vs 71 nM, p=0.09) an d  or 
increased g row th  horm one concentrations (Nicklas et al, 1989) in the luteal 
phase m ay be m ediating increased lipolytic action. This proposed  m echanism  
for decreasing carbohydrate oxidation w ould  be in  agreem ent w ith  
H argreaves et al. (1991) w ho found a decrease in  glucose uptake by leg m uscles 
w h en  FFA levels w ere increased from  0.6 m M  to greater than  1.0 m M  w ith  
the infusion of a  triglyceride em ulsion (Intralipid) an d  heparin . Bracy et al.
(1995) also dem onstrated  a decreased blood glucose uptake by increasing FFA 
levels from  0.3 to 1.0 m M  in  dogs. D uring the low er w orkload of this p resen t 
study, FFA availability m ay no t have been  as lim iting because the dem and  for 
substrate w as not as great. Bonen et al. (1983) an d  Bonen e t al. (1991) reported  
no  m enstrual phase differences in  FFA levels d u rin g  ligh t (35-40% 
an d  heavy exercise (83-85% w hich w ere intensities below  an d  above
the intensity  (~53% VO^^ax) w here w e have observed differences in  fat and  
carbohydrate  oxidation. W ithout FFA concentrations an d  kinetics, the
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proposed  m echanism  for decreased blood glucose utilization and 
carbohydrate oxidation is speculative.
A nother explanation for the decreased carbohydrate oxidation w ould  
be decreased muscle glycogen stores. Rates of m uscle glycogenolysis and  
carbohydrate oxidation have been  show n to be directly related  to m uscle 
glycogen concentration in  the ra t h indquarte r (Hargreaves, 1997). Therefore, 
if pre-exercise m uscle glycogen w as greater during  the follicular phase this 
m ay explain the observed increase in carbohydrate oxidation and lactate 
concentration. H ow ever, to  avoid  differences in  pre-exercise muscle 
glycogen, subjects w ere asked to replicate their diet tw o days preceding each 
trial an d  to  refrain from  exercise 36 hours before each trial. Post-hoc 
com parison of d iet records betw een  follicular and  lu teal phases indicate th a t 
there w ere differences in  energy intake (30.7 vs 29.3 kca l/kg , respectively, 
p=0.7) or carbohydrate intake (5.9 vs 5.2 g /k g  CHO, respectively, p=0.3), 
betw een  the tw o phases of the m enstrual cycle.
W hile energy balance (i.e., d ietary  intake m inus energy expenditure) 
w as assum ed to be sim ilar betw een  phases due  to sim ilarities in d ietary  intake 
and  physical activity this does no t p reclude differences in  resting energy 
expenditure. Bisdee et al. (1989) observed a significantly greater resting energy 
expenditure of 130 k ca l/ day during  the luteal phase, w hile Eck et al (1997) and  
Piers et al (1995) have reported  tha t resting energy expenditure  is sim ilar 
du ring  the lu teal an d  follicular phases. The gross m arker of energy balance, 
body  w eight, w as significantly higher (60.5 to 60.0 kg, pcO.05) during  the lu teal
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phase suggesting m aintenance of positive energy balance. H ow ever, w ater 
reten tion  m ay have been  responsible for the increased body w eight. If so, 
then  it m ay be possible tha t during  the lu teal phase the females w ere actually 
in  negative energy balance (provided they re ta ined  one kilogram  or m ore of 
w ater) and  the decreased carbohydrate oxidation could have been  due  to a 
relative depletion  of m uscle glycogen. If reduced  energy intake of 
carbohydrates w as responsible for the decline in  carbohydrate oxidation we 
w ou ld  expect to see a positive relationship betw een  carbohydrate intake and  
oxidation betw een  ou r subjects. In  contrast, there is a strong negative 
relationship  (r= -0.96, pcO.Ol) betw een  carbohydrate intake and  oxidation 
du rin g  the luteal phase. That is, du ring  the lu teal phase the fem ales w ho 
consum ed less carbohydrates p e r kilogram  oxidized proportionally  m ore 
carbohydrates du ring  the h igh  w orkload. Furtherm ore, in  b o th  of the studies 
th a t have com pared resting m uscle glycogen, m uscle glycogen concentration 
w as h igher during  the lu teal phase (Hackney, 1990; N icklas et al., 1989).
Nicklas e t al (1989) determ ined  tha t repletion w as greater after depleting 
exercise during  the lu teal phase even w hen  d ietary  intake (as in  this study) 
w as slightly low er du ring  the lu teal phase (1691 vs 1813 k ca l/d ay  p>0.05). 
N evertheless, fu tu re  stud ies in  th is area shou ld  m easure resting energy 
expend itu re  du ring  the m enstrual phase of in terest an d  adjust d ietary  in take 
accordingly.
There are apparen tly  no studies tha t have suggested elevated 
carbohydrate oxidation du ring  the lu teal phase. W hile this does no t p rove
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the converse, from  a m etanalysis po in t of view, if there w ere indeed  no 
differences betw een  phases an d  bias d id  no t influence experim ental designs 
an d  results, then  there should  be a sim ilar num ber of studies that find 
decreased carbohydrate oxidation and  the converse, increased carbohydrate 
oxidation  during  the lu teal phase.
C o n c lu s io n s
In  conclusion, these results suggest tha t there are m enstrual phase differences 
in  substra te oxidation pa tte rn s in  recreational fem ale athletes. Conclusions 
about gender differences in  substrate oxidation depend  upon, 1) the exercise 
intensity  and , 2) m enstruation  status of the female. W ith the p resen t data, it 
cannot be determ ined w hether the differences in  substrate oxidation are due  
to increased Mpid availability during  the lu teal phase or a decreased glycolytic 
flux. F u ture research in  this area should  em ploy stable isotope FFA tracers to 
determ ine the source of the increased fat oxidation (i.e., p lasm a FFA a n d /  or 
in tram uscular triglycerides) w itnessed  du ring  the lu teal phase. The m uscle 
b iopsy technique should  also be u tilized  to determ ine pre-exercise glycogen 
concentrations. S tudies th a t exam ine the effects of diet, training, and  
exogenous substances on  substra te u tilization  shou ld  recognize an d  take into 
account the m enstrual sta tus of their fem ale subjects.
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